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Summary

A dynamic real-time simulation study was conducted at the NASA Langley Research Center

to gather comparative performance data among three candidate final-approach spacing aid (FASA)

display formats. The study was flmded jointly by NASA and FAA and defined in collaboration
with Lincoln Laboratory, MIT, and NASA Ames Research Center. Prior to formal publication, the

experimental results were presented to the FAA for use in their Terminal ATC Automation (TATCA)

Program early field implementation decisions to define the final controller's automation aid interface.

Several objective measures of controller performance and their eye-scan behavior, together with

subjective workload and rating questionnaires were used to obtain an in-depth assessment. The data

were gathered by using 12 subject controllers provided by the FAA. For each of two representative
pattern-speed procedures (a 170-knot procedure and a 210-knot procedure with speed control aiding),

data were collected by using 4 final-controller display-format conditions: manual/ARTS III, graphic
marker, DICE countdown, and centerline slot marker. In addition to the experimental results and

a simple runway-arrival-rate analysis, key FASA issues, a rationale for selecting the tested formats

and their description, are presented.

Based on objective measures, tile graphic marker and DICE countdown format were both more

precise than the ccnterline slot marker in terms of delivery time errors at the runway threshold,
and both (graphic and DICE) improved delivery precision relative to the manual/ARTS III format.

In addition to having the least delivery precision, of the three FASA formats tested, the centerline

slot marker had the least amount of controller monitoring of aircraft inside the final-approach fix.

Although relativcly close to each other in delivery performance, eye-scanning analysis indicated

tile graphic marker appears to have a quicker or more efficient information transfer process than the
DICE countdown format. The 210-knot pattern-speed procedure formats provided better intcrarrival

precision relative to the corresponding 170-knot procedure formats. This may indicate the potential

benefit of automation providing speed control advisories after the base-to-final turn where a higher
pattern speed is practical in that region. Depending on which pattern-speed procedures are assumed

in a simple runway-arrival-rate analysis, the improved precision of a FASA, such as the graphic

marker, has the potential to increase the TATCA IMC (instrument meteorological conditions) arrival

rate somewhere between 6 to 16 percent over that of a TATCA system without a FASA. All FASA
formats reduced the number of vectors issued by our pool of final controllers, relative to their

manual/ARTS III format; however, the graphic marker and DICE countdown reductions were 1.6
to 2.1 times that of the centerline slot marker.

Based on Task Load Index (TLX, a subjective workload assessment technique) evahmtion, for
the 170-knot pattern-speed procedure, the eenterline slot marker increased workload above the

manual/ARTS III format, whereas the graphic marker reduced workload relative to the same manual
baseline. The DICE TLX-rated workload fell between that of the manual and the graphic formats.

On the other hand, as a group, formats for the 210-knot procedure had no TLX workload difference

among its formats. Also as a group, the 210-knot procedure formats did not have higher TLX

workloads than the 170-knot procedure formats as a group, even though the 210-knot delivery

precisions were significantly better. Each of three format, relative rating questionnaires (formats of

only the 170-knot procedure, formats of only the 210-knot procedure, and all the fornmts of both the
170-knot and 210-knot procedures) was designed to extract from the subjects their relative ranking

of the formats with respect to three specific criteria (workload or effort required to use the format,

case of adapting to or learning to use the format, and amount of help or benefit in spacing traffic on

final). In all cases, the following same FASA order of preference resulted: graphic marker, DICE,
and slot marker. Additionally, when rating all the formats of both the 170- and 210-knot procedures

together, in every format case, the 210-knot format was preferred over the corresponding 170-knot

format. In their final debriefing, the subjects were unanimous in their feeling that automated aids

would be beneficial in reducing workload and in increasing spacing precision.
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1. Introduction

The FAA has established the Terminal ATC Au-

tomation (TATCA) Program to develop and test
ATC automation aids for assisting controllers in the

organization and control of arriving aircraft traffic

in thc extended terminal area (i.e., a major termi-

nal and its enveloping en route airspace). The ex-
pected benefits are more efficient utilization of run-

ways and reduced controller workload. The functions

to be addressed by TATCA include

Traffic planning aid

Descent advisory
Final spacing aid

Converging runway display aid

Currently the underlying structure for the first three

functions above is the Center/TRACON Automation

System (CTAS) tools developed at the NASA Ames
Research Center (refs. 1 to 3). The fourth fimction
is described in reference 4.

This report describes a study conducted at the
NASA Langley Research Center to expand the

TATCA knowledge base. NASA and FAA shared

the experimental cost and Lincoln Laboratory, MIT,

provided inputs to the experimental design and
controller subject questionnaires. _Vorking jointly

with the FAA, Lincoln Laboratory, and Ames, a

Langley study was conducted to help identify the

most promising final-approach spacing aid (FASA)
format for use in the TATCA early field implemen-

tation. To that end, the collected data were quickly

shared with these parties prior to formal publication.

The TRACON environment at early TATCA im-

plementation is expected to still use monochrome

ARTS (automated radar terminal systems) displays
before the introduction of the Advanced Automa-

tion System (AAS)controller suite color displays.
The study was directed toward gathering final-

controller comparative-performance data, among po-

tential FASA formats using a monochrome (no color)

display. The final controller's primary responsibil-
ity is the acceptance of traffic from the arrival po-

sition and merging and spacing traffic for the final

approach.

Separation and delivery precision, controller eye-
scan of the radar display, number of vectors (head-

ing changes) issued, response time, workload, and

questionnaire data were gathered. These multiple
measures provided a broad assessment of the rela-

tive performance of the formats and, in some cases,

resolved ambiguity. The data were collected from

12 subject controllers provided by the FAA, all of

whom were active, full performance level (FPL) ter-

minal area controllers. The subjects served as the

final controller in a real-time TRACON (terminal

radar approach control) simulation under several ex-
perimental conditions. For each of two representative

approach pattern-speed procedures, the controllers

ran a data session in a manual mode (no automa-

tion spacing aid) followed by data sessions employing

three final-approach spacing aid (FASA) formats.

2. Background

The late 1950's, the 1960's, and the early 1970's
witnessed considerable activity in the area of

computer-aided spacing systems for terminal area

ATC. Reference 5 contains an excellent summary and

bibliography of that activity. Reference 6 lists some

of the reasons why an operational computer-aided

spacing system was not accepted. Among the rea-
sons were the limitation of computer, display, and

tracking technology at that time. The automation

aid interface to the controller is a key component in

an acceptable computer-aided spacing system for the
terminal area.

Air travel delay and traffic congestion at major

airports, projected increases in air travel, and severe

environmental restrictions on either airport expan-

sion or new airport construction all signal the press-
ing need for maximum utilization of present airport
real estate. These conditions have stimulated a new

effort to develop and test computer-aided, time-based

air traffic control systems for the extended terminal

area. References 1, 2, 3, and 6 through 15 document

some of the more recent developments and tests in

the area. In the United States, these events have
stimulated the formation of the FAA Terminal ATC

Automation (TATCA) Program briefly described in

the introduction of this report.

For the rlear term, a computer-aided system is

believed to have the potential for more consistent
spacing, at current operational separations, with less
controller workload than can be achieved with the

present system. Even more noteworthy are the po-

tential long-term benefits of a computer-aided, time-
based air traffic control system for the extended ter-

minal area. Final-approach longitudinal separation

from the preceding aircraft is mandated by two time-

based constraints: the time required for the wake
vortex of the preceding aircraft to decay to a safe

encounter level and its runway occupancy time. Re-

search and developments in the area of improved air-

craft flare and touchdown, runway guidance, high-
speed turn-offs, accurate weather prediction, and

wake vortex modeling and detection could eventually



permit theuseof variabletimeseparationsbetween
approachingaircraft. Thesevariabletime separa-
tionswouldbeupdated,asa functionof conditions,
to the minimumtimesrequiredto satisfythe two
previoustime-basedseparationconstraints.There
areadditionalpotentialbenefitsto atime-basedsys-
temsuchasallowingaircraftto employtheironboard
four-dimensional(4-D)flightmanagementsystemsto
preciselymeettheir desiredmeteringfix timesin a
fuelefficientmanner.Subjectto constraints,thisap-
proachmight laterbeextendedto allowaircraft to
meettheir ground-issuedscheduledlandingtimes.

3. FASA Issues and Format
Description

3.1. FASA and Approach Speed Issues

TheATCsystemcharacteristicsassumedarede-
scribedin thissection.FASAissues,classificationof
types,andchoicesof FASAformatsstudiedaredis-
cussed.Therelationof FASAdeliveryprecisionand
pattern-speedprocedureis examined.

3.1.1. ATC System Environment

Description

As mentioned in the introduction, the purpose

of the FAA TATCA program is to develop and test
ATC automation tools for assisting in the organi-
zation and control of arrival traffic in the extended

terminal area. This area includes the surrounding

en route traffic flow management to the terminal of

interest (en route cruise and descent control), in ad-
dition to the TRACON's own feeder and final sec-

tor traffic control. This study looked at the bene-
fits of automation assistance to the final controller

with the assumption that the functional elements of

the Center/TRACON Automation System (CTAS)

(refs. 1 and 2) were operating. That is, the Traf-

fic Management Advisor (TMA) assisted tile Center
and TRACON traffic managers with sequencing and

scheduling the traffic, the Descent Advisor assisted
Center controllers in meeting the TMA's schedule

safely, and the Final-Approach Spacing Tool (FAST)
assisted the TRACON feeder controllers in updat-

ing the initial sequence and fine-tuning the traffic
flow. The FASA is the technique used to display, to

the final controller, the spacing, sequence, and ATC

actions suggested by the FAST.

A feature modeled in the simulation was that the

algorithms (FAST) driving the FASA's had knowl-

edge of the pilot's planned final-approach speed. The
factors which primarily influence the pilot's choice
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of final-approach speed are wind and aircraft land-

ing weights. It is expected that later generations of

FAST will obtain the pilot's planned final-approach

speed via data link in order to more precisely sched-
ule and space aircraft. Final-speed knowledge was as-

sumed because differences of controller performance,

resulting from the FASA formats evaluated, can be

experimentally differentiated more clearly under that

higher capability condition. Unknown landing speeds
add considerable uncertainty to landing time calcu-
lation and thus would reduce the ability to discrim-

inate any differences in delivery performance due to
the FASA formats tested.

The display environment simulated was that of

an advanced ARTS monochrome display prior to the
TRACON acquisition of the AAS controller suite

plan position indicators (PPI's) with color displays.
The FAST system advisories are expected to be

placed on the full digital ARTS display (FDAD)

briefly described in reference 16. This precluded
using the discrimination power of color coding to

display FASA information. In addition, the added
FASA information could not displace or significantly

detract from the primary ARTS information.

3.1.2. Final-Approach Control and

Automation Issue

Given the ATC environment described above, this

study evaluated the performance of the final con-
troller in directing aircraft to final approach with

consistent and proper separation under the follow-

ing conditions: (1) using only manual judgment/

experience (with ARTS III display) and (2) em-
ploying the assistance of the various FASA's. It is

important to note that the manual/ARTS format
evaluated does not represent today's TRACON envi-
ronment where the traffic flow to the final controller

is the end product of a series of merges performed

manually on different traffic streams by other con-
trollers. The traffic in this study was assumed to have

been organized and spaced by automation/controller

interaction prior to arrival in the final controller's

airspace. Generally, gaps appeared when required in

the arrival stream to merge traffic and the landing
order was normally self-evident. The experimental

manual/ARTS format addressed the question of how
precisely a controller can manually vector and sepa-

rate traffic if given a well-organized stream of traf-
fic, essentially an "ideal feed." Performance of this

study's manual/ARTS format together with FASA

performances addresses a bigger system issue. That
issue is whether, and to what extent, a FASA is ben-

eficial if the TATCA system (i.e., CTAS) has already



beenactivein theorganizationandtentativespacing
of arrivaltrafficprior to thefinalsector.

3.1.3. Classification of FASA Types
An attemptwasmadeto classifythe manyap-

proachespossibleto display,on thefinalcontroller's
PPI,computerassistancefromadynamictime-based
planner(DTP) suchasexistsin CTAS.Fortheen-
vironmentdepictedin theprevioussection,the key
issueis selectingwhichtechniquebestimprovesthe
final controller'saircraft-pairspacingprecision.Re-
lated are issuesof safety,stress,workload,accep-
tance,andjob satisfaction.A listing,underdescrip-
tivecategories,oftheviabletechniquesknownto the
authorsis asfollows:

Category A DTP aircraft schedules indication

1. Sequence list with STA's (scheduled time of

arrival): an aircraft/STA list ordered by STA

values at the runway threshold

2. Time line display with STA's: a linear time

scale with aircraft call signs positioned to in-
dicate their STA's relative to current time at

the runway threshold (normally at bottom of

time scale)

Category B DTP conformance indication

1. Sequence list with STA's, early or late status:

category A1 together with aircraft expected

arrival status information (early or late indi-

cation) if nominal approach profile is followed

(i.e., if no corrective action taken)

2. Sequence list with STA's and ETA's (esti-

mated time of arrival): category A1 together
with expected runway threshold time if nomi-

nal approach profile is followed

3. Sequence list with STA's, numerical expected

landing time errors: category A1 together

with expected aircraft landing time error

(STA- ETA) if nominal approach profile is
followed

4. Time line display with STA's, early or late

status: category A2 together with aircraft

expected arrival status information (early or
late indication) if nominal approach profile is
followed

5. Time line display with STA's and ETA's: cat-
cgory A2 together with aircraft call sign (nor-

really on the opposite side of the time scale

from the STA call sign and usually colored

or displayed differently) positioned to show
their ETA's relative to their STA's if nominal

approach profile is followed

6. Time line display with STA's, numerical ex-

pected landing time errors: category A2 to-

gether with expected aircraft landing time er-

ror (STA - ETA) if nominal approach profile
is followed

7. Expected landing time error numerically dis-

played in data block

8. Extended runway centerline slot marker: in-

dication of the desired (scheduled) position of

arriving aircraft as if they were approaching
along the extended runway centerline at the

final pattern speed

Category C--vector heading advisor

1. Numerical heading: magnetic vector heading

usually added to data block

2. Graphical heading: symbolic indication on

PPI (directed line, arrow, etc.)

Category D speed advisor

1. Numerical speed: indicated airspeed usually
added to data block

Category E advisory delivery point (position or

time) indication

1. Intensity (brightness) fluctuation of numerical
data

2. Intensity fluctuation of aircraft position

symbol

3. Graphical position indication: graphical sym-
bol located on PPI

4. Straight clock numerical countdown: time re-
maining before issuing advisory

5. DICE (direct course error) numerical count-
down: amount of time relative to its STA

(early or late), an aircraft would be if its

advisory was issued immediately

6. Symbolic clock face: pictorial representation

of category E4

7. Rising or falling time column: linear represen-

tation of category E4

Another characterization of the automation aids

is obtained by classifying them as either indirect or

direct. Those in category A or B are classified as
indirect because the specific manner of achieving the

desired schedule is not given. A combination of an

aid from category E together with one from C or D is
called direct, since the specific advisory to achieve the

DTP schedule and the specific moment to deliver the

advisory are explicitly indicated. In general, greater

precision would be expected from direct aids. On the



otherhand,thecontroller'sjob satisfaction(making
decisions,beingin charge)mightbetterbeservedby
indirectaids.

Indirectaidsindicatetheendgoals;however,the
specificcontro]actionnecessarytomeetthatendand
thepoint to applyit areleft to controllerjudgment.
Thereforefeedbackseemsdesirableto indicatethe
effectivenessof thecontrolactiontaken.CategoryB
hasthisdesiredfeedback.

Early or late information in categoriesB1
throughB7 isdeterminedby comparingDTP sched-
uled arrival time with the estimatedarrival time
whichis a functionof the time to fly to and then
followaDTP assumednominalspcedandpathpro-
file fromtheaircraft'scurrentspeedandpositionin
space.Becauseroutesaregenerallybetterdefinedin
the mergeor feedercontroller'sarea,categoriesB1
throughB7arebettersuitedto thefeederthanthefi-
nalcontroller.Forexample,let ustakeanaircrafton
thedownwindlegwith noFASA.Theaircraftcould
besubsequentlygivenoneto threevectorsandoneor
twospeedreductions.Severalcombinationsof legit-
imatecontrolleractionscouldresultin meetingthe
schedule.In that context,earlyor lateis somewhat
difficultto defineif theaidisto remainindirect.Cat-

egory B8 has the attribute of remaining indirect yet

providing effective feedback.

The British PACTAS (Predictive Approach Con-
trol Tactical Advisor System) program (ref. 14) is a

hybrid (indirect/direct) system that operates as cat-

egory B7 or can operate as category E5 if the con-

troller inputs a specific control action (heading or

speed change). In its direct mode the PACTAS sys-
tem provides DICE countdown information to the
controller relative to the immediate initiation of the

particular control action specified. This approach al-
lows the controller to select the "how" (specific con-

trol action) as normally done with an indirect aid

and also provides the "when" (time) of a direct aid.
However, the additional display and input devices

required for PACTAS preclude its application in the
environment described in section 3.1.1.

3.1.4. FASA Formats Selected for Study

The indirect aid selected for evaluation was the

extended runway centerline slot marker (ref. 12).

This format displays the spatial mapping of the se-

quence and desired spacing of aircraft on the ex-

tended centerline of the runway and is described in
detail in section 3.2.2. During busy periods at ma-

jor terminals, the final controller's attention is highly

focused on the aircraft positions and overall flow pat-

tern on the PPI in order to plan and control the air-
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craft in the controller's airspace. The actual position

of aircraft as they turn on final as compared with

the DTP desired positions is obtained simply and di-

rectly by displaying the centerline slot markers in the

region of normal controller eye scan.

Even though it is possible to use some forms of
direct aids with sequence lists or time line displays,

as it relates to the final controller, we will use the

term "direct" to apply only to aids displayed both

on the PPI (not on an auxiliary display) and within
the final controller's normal scan pattern for traffic.

The direct aids, as defined, can be broken into two

additional categories. The first indicates the sug-

gested aircraft location where specific ATC instruc-
tions should be issued. The second category indicates

the suggested time when specific ATC instructions
should be issued. One direct FASA representative of

each of these two categories was selected for evalu-

ation. Other factors in narrowing the choices were

the desire to give the controller some lead time rel-

ative to the message delivery point and to minimize
distracting clutter on the controller's display.

The location direct turning aid selected for eval-
uation is a monochrome modification of the color-

coded graphical advisory interface described in rcf-

erence 3. This reference used a two-segment symbol
which conveys in a simple and direct graphical man-
ner both the aircraft location to issue a turn in-

struction and the desired heading. To prevent dis-
play clutter, the graphical turn symbol in this study

was changed to a three-segment symbol because the

two-segment symbol quickly became elongated and

unwieldy if the proposed change in heading was

larger than 90 ° . The graphic format evaluated (cat-
egories E3 and C2) is described in detail in sec-
tion 3.2.4. It should be noted that the NASA Ames

FAST simulation now uses an "x" and an arc symbol

to indicate turns (ref. 15).

Of the time direct aids listed, only the DICE

countdown and the straight clock countdown possess

both the features of lead time and relatively mini-

mum display clutter. The desired heading and count-
down value are both encoded on additional lines of

the ARTS III data block. Prior to a turn, the DICE

countdown indicates the amount of time early or late,

relative to the scheduled time, an aircraft would be
if it were presently issued the turn instruction. The

time difference between the SLT (scheduled landing

time) and the ETA is the DICE value displayed. A

straight clock countdown indicates the time remain-

ing before the turn is to be issued. The difference
between the computed time to issue a turn and the

current time would be displayed in the straight clock
countdown.



The DICE countdowntechnique(categoryE5
with eitherC1or D1) wasselectedasthetime di-
rect aid to evaluatefor two reasons.First, it gives
controllersdirectinformationrelativeto theiraction
and the desiredendgoal time schedulewith path
geometryfactoredin. If, for example,prior to a
downwind-to-baseturn, thecontrollerwantedto re-
duceseparationby somanyseconds,DICE count-
downgivesthat informationdirectly. The second
reasonis that thestraightclockcountdownisa sim-
ple and commonexperiencefor everyone.There-
fore,it wouldbe morevalid to evaluateDICE and
thenaskfor acomparisonor preferencebetweenthe
two typesof countdownratherthan theotherway
around.Subjectresponsesto countdownpreference
ispresentedin section5.5.1.4.TheDICEcountdown
formatisdescribedin detailin section3.2.3.

3.1.5. Approach SpeedIssues

It iscommonpracticeathighdensityTRACON's,
during heavy-demandIMC periods, to slow tile
traffic enteringthe final-approachregionto a sin-
gle patternspeed(typically170knots)for aircraft
performancecompatibilitybetweentransport and
commuteraircraft and for moreplanningtime to
organizethe traffic. At othertimes,a higherpat-
tern speed(typically190or 210knots) is usedto
thebaselegandthenreducedto theslowerpattern
speedbeforethefinal turn. In bothcases,the con-
trollersnormallyfine-tunetheir separationson the
final-approachcourse(hereinaftercalledfinal), via
their base-to-final turn. In all cases, the controllers

check for compliance and ensure safe separation on

final, but generally refrain from exercising any signif-
icant amount of control action after the final turn. At

less heavily loaded terminals or at high density ter-

minals during low-demand periods, aircraft arc often
kept at a higher pattern speed until turned to final

and then slowed to the lower pattern speed. Airlines

and pilots generally prefer higher speeds closer in be-
cause of the reduced delay and because of the higher

fuel consumption resulting from high drag configura-

tions required at slower pattern speeds.

In the FASA study, we have taken as our exper-
imental condition the two representative conditions

described above. The 170-knot approach speed pro-

cedure simulates the single pattern-speed, IMC case.

The 210-knot approach procedure normally main-
tains aircraft at 210 knots through the base-to-final

turn after which the timing of a 210- to 170-knot

speed reduction is used to further fine-tune
separations on final.

For the situation where aircraft are slowed to

170 knots before being turned to final, the principal

issue is accuracy of turn control. Assuming the base

legs are flown as expected, the correct timing of the
base-to-final turn is the main factor in determining

aircraft separation precision. The major concerns in

this case are: (1) the precision of the controller's un-

aided judgment in timing the final turn for separation

from preceding aircraft (manual format), (2) the pre-
cision of the controller's judgment in timing the final

turn for merging with the aircraft's own slot marker

(centerline slot marker format), and (3) the precision
of the final turn with the help of the two direct au-

tomation aids (graphic marker and DICE countdown
formats).

The issues relative to the 210-knot procedure are
somewhat more complicated and related to local

practice and traffic load. Using the modest control-

lability available from timing a speed reduction on

final has the potential to further fine-tune the sepa-
ration precision achieved by turn control. However,

in some facilities, there is a tendency not to routinely

apply control after the base-to-final turn. Also, there

seems to be more application of speed control, on
final during IMC, at terminals where a straight-in

arrival route is merged with other routes.

The centerline slot marker concept (ref. 12) was
developed at MIT and studied there by using a

Boston terminal area simulation with a two-speed

pattern profile, similar to the 210-knot procedure.
Under those conditions, the aircraft's centerline slot

markers were used as a guide to time the speed re-

ductions. Similarly, a direct (graphic or DICE) au-

tomation aid can also be employed to indicate when
or where on final the slower pattern speed should bc

issued to fine-tune aircraft separations. Both speed-

reduction aids were incorporated into the Langley

TIMER (traffic intelligence for the management of
efficient runway-scheduling) simulation (ref. 6) to ex-

amine performances. Note that for the 210-knot pro-

cedure, the direct speed reduction advisories on final
are in addition to the earlier described direct turn

advisories. The combination of the turn and speed-

reduction aids also raises the question of clutter and
distraction in addition to the acceptance of the basic

procedure of issuing speed reductions on final.

3.2. Description of Final-Approach

Spacing Aids Formats

The significant features of the arrival routes in

the terminal area of the Denver Stapleton Interna-

tional Airport that are modeled in the TIMER sim-

ulation (described in section 4.1.2) are depicted in
figure 1. The arrival routes are a basic four-corner-

post structure merging to a single approach path
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to runway26L.Of interestin this study is the fi-
nal controller'sairspacewhichincludesthewestern
approachpaths from abeamthe airport eastward
andthe easternbaseandfinal-approachlegs.More
completediscussionsof theairspaceandprocedures
simulatedarecontainedin section4.2.

All arrivingaircraftspeedsarcreducedto theap-
propriatepatternspeed(170KIASor210KIAS)be-
foretheaircraftenterthe finalcontroller'sairspace.
TheTIMER algorithmscomputeETA'sat therun-
waythreshold,for aircraftapproachingthefinalcon-
troller'sairspace,basedonnominalflightpathsand
speedtrajectories.In the170-knotproccdure,acon-
stantindicatedairspeed(170knots)isassumedup to
thefinal-approachfix (FAF).In the210-knotproce-
dure,thehigherindicatedair speed(210knots)isas-
sumedto a specifieddistanccfromtheFAFfollowed
bytheslowerspeed(170knots)to theFAF.Aircraft
within thefine-tuningregionareallowedmorelati-
tudein flightpathsto accommodatecumulativeflight
errorsandschedulechanges.This increasedlatitude
is initiated at the last fixed-pointupdatewhichis
approximatelyabeam(abreast)tile activerunway
thresholdforwesternarrivalsandjust outsideof the
FLOTSandWIFESinterscctionsforeasternarrivals.
At thesepoints,thc locationin thearrivalsequence
of an aircraftcrossingthe point is frozen,a target
scheduledlandingtime (SLT)is computed,and,for
easternarrivals,an appropriatebase-legheadingis
assigned.At apointabeamtheFAFforwesternair-
craftondownwindlegsandat 6.5n.mi.fromtheex-
tendedrunwaycenterlinefor easternaircraftonbase
legs,thetargetSLTis againcomputed.Theseval-
uesareheldconstantfor the remainderof the ap-
proachexceptthat whenoperatingin a nonmanual
(i.e.,computer-aided)mode,thc targetSLTmaybc
forcedbackwardor allowedto slip forward(within
limits) bychangesin theETA'sof precedingaircraft.

Tile final-approachspacingaidsarethcnapplied
to the remainderof the approachup to the FAF.
In additionto a non-FASAor manualmodeof op-
eration,thereare threeFASAconceptsintegrated
into the TINIER.Thesearecenterlineslot marker,
DICEcountdown,andgraphicmarkerformats.The
centerlineslotmarkerconceptis basedon thediffer-
enccbetweenthescheduledtimeof arrival(STA)at
tile FAFandthecurrenttimeof day.Thelatter two
conceptsarcbasedonthedifferencebetweentheSLT
andcurrentETAat theactiverunwaythreshold.

3.2.1. Manual Operation Mode
AlthoughSLT'saregeneratedin the feedersec-

tors to providean organizedtraffic flow, in man-
ual operation,no advisoriesaregeneratedto main-

tain separationin the final-approachregion. Only
thenormalARTSIII datablockis providedwhich
containsaircraftidentification,altitude,andground
speed. The controllermay alsoselecta display
of aircraft type which is time sharedwith the
altitude/ground-speedline of the data block. As
the nameimplies,the controlleris expectedto use
current-proceduremanualvectoringtechniquesand
speedadjustmentsto maintainthe requiredsepa-
rations. This modeprovidesa baselineor calibra-
tion of the ability of the test subjectcontrollersto
spaceandturnaircraftto achieveproperinterarrival
separation.

An exampledisplayscenario,taken from one
of the 210-knotapproach-pattern-speeddata runs,
is depictedin figure 2. Here, "Continental101
(COAl01)" is descendingthrough 6500 ft at
140 knots ground speed(GS) to runway 26L.
"Continental533"is about1.2n.mi.fromthe FAF
at 7200ft and 170knots GS. "Delta 989" is in
the processof interceptingthe ILS for runway26L
5.5 n.mi. from the FAF and is still at 210knots
IAS (200knotsGSdueto headwind)."TWA 896"
is on a baseleg from the southand descending
through 11100 ft to 8000ft at 210 knots IAS
(240knotsGS)."United280and720"areon their
downwindlegsat 210knotsIAS. "Delta971"is ap-
proachingfromthesoutheastwith a pendinghand-
off from feederto final-approachcontrol. Its en-
tire datablockwouldbe flashingon the displayof
thefinal-approachcontroller, to indicate the initia-

tion of a handoff. Approaching from the northwest,
"United 305" is still under feeder control.

3.2.2. Centerline Slot Marker Format

Figure 3 presents the same traffic scenario as in

figure 2, but with the centerlinc slot marker for-
mat displayed on the final controller's display. The
circular centerline slot marker symbol of approxi-

mately 3/_ n.mi. diameter (at the scale selected for

the final-approach controller display) is centered on

the extended runway centerline as a target mov-

ing at a ground speed that is equivalent to flying
active-runway heading, 170 knots IAS, at an altitude
of 7200 ft. The markers arrive at the FAF at the

time associated with the STA of the corresponding

aircraft. The three-digit flight number of the aircraft
associated with a slot marker is displayed in the cen-
ter of the marker whenever the aircraft coordinates

arc outside the marker symbol. Slot markers are not

displayed between the FAF and runway.

The final controller's task is to direct the aircraft

to a merger on the radar display with its correspond-

ing slot marker. Although the landing sequence and



spacingis displayedin a position/distanceformat,
thereisnoexplicit"whento turn" indication.In the
170-knotpattern-speedapproaches,thecontrolleris
expectedto usevectoringto guidethe aircraft to
thecenterof its slotmarker.Whenoperatingwith
210-knotapproaches,the controlleris expectedto
issuea speedreductionto 170-knotsIAS afterthe
aircraft is turnedto an ILS-interceptheadingsuch
that the aircraftpositionsymbolis in thecenterof
tileslotmarkerwhenthespeedreductioniscomplete.

The differencesin slot markerpresentationbe-
tweenthe170-and210-knotapproach-pattern-speed
proceduresareminimal. In the 170-knotversion,
it is assumedthat theaircraftwill fly the assigned
speedto theFAF.If the controllerchoosesto close
a gapin the traffic that hasdevelopedin thefinal-
approachairspace(in the 170-knotversion),an in-
creasein airspeedmaycausetheSLTof thesubject
aircraftaswellastheSLT'sof the trailingaircraft
to slip forward(up to their forward-slippagelim-

its). In the 210-knot version, the SLT of an air-

craft is not changed by speed adjustments because
it is assumed that speed adjustments will be used

to mate the aircraft with its marker (i.e., attempt-

ing to match the ETA with the SLT). However, the

SLT's of trailing aircraft may be affected in order to
maintain separation with an ETA that results from

an overcompensated speed adjustment.

In the 210-knot scenario depicted in figure 3,

"Continental 533" is somewhat late as indicated by
the relative positions of its slot marker and the Mr-

craft symbol. "Delta 989" is in the proper posi-

tion to begin decelerating from 210 to 170-knots

IAS. "TWA 896" is probably within a mile of
where its ILS-intercept vector should be issued and
"United 280" should be vectored from downwind-to-

base within about 2 n.mi. to follow TWA. A landing-
order-sequence list all of tile aircraft in the terminal

area is provided in the upper-right corner of the dis-

play. This list is intended to aid the controller in

anticipating the landing sequence of aircraft whose
slot markers are not yet in the field of view.

3.2.3. DICE Countdown Format

Figure 4 presents the same traffic scenario as in
figure 2, but with the DICE countdown format dis-

played on the final controller's display. The DICE
countdown format for vector turns consists of dis-

playing the DICE countdown value and the rec-
ommended heading of the next flight-path segment
within the aircraft data block. The DICE count-

down format for speed reductions in the 210-knot
procedure consists of displaying the DICE count-

down value and the nominal final pattern speed

(170 knots). These parameters are displayed on two

subsequent lines below the altitude/ground speed in
the data block. The DICE value displayed is the dif-

ference between the periodically updated ETA (re-

computed every radar scan for aircraft in the final-

approach fine-tuning region) and the SLT of a given
aircraft. Thus, the DICE value for a vector turn in-

dicates how early, relative to its SLT, the aircraft
would be if its turn instructions were issued imme-

diately. The. display of this information is withheld
until the DICE value is less than a prescribed thresh-
old. The thresholds were chosen to turn on the DICE

value display when the aircraft is within 45 sec of an

anticipated turn in the 170-knot procedure. Reason-
ing that a larger lead time should be provided in the

higher speed procedure, a threshold of 60 sec was

chosen for tile 210-knot procedure. Expected mes-

sage length and controller/pilot response time are
factored into the displayed DICE values.

The change in ETA (and consequently in DICE
value) per unit time (i.e., ETA gain) is about 2 for

aircraft on downwind and about 1 on base legs. Tile

gain is about 2 on the downwind because, for each
mile the downwind is extended, the aircraft must fly

a corresponding extra mile on the final. As a point

of interest, the ETA gain for the speed reduction

from 210 to 170 knots on final approach is only

0.25 sec/sec. That is, a 1-sec delay in implementing

the speed reduction would only result in 1/4sec earlier
arrival time.

When the DICE value becomes less than zero (the

time when the controller should issue the advisory),

the recommended value (heading or speed) flashes to
fllrther attract the controller's attention. The infor-

mation is extinguished from the data block after the

appropriate change in heading is initiated. Because
of radar-tracker instability, DICE values are not dis-

played during heading- or speed-change transitions

until tracking has restabilized.

During a turn from a downwind leg to a base leg,

a determination is made as to whether a base leg

that wilt allow sufficient time to generate a normal
turn to intercept the ILS can be expected. If so, the

DICE display is resumed as soon as the tracker stabi-

lizes at the end of the turn to base. However, if little
or no base leg is predicted, the system provides a

temporary, linear, artificial countdown to assist the

controller until the tracker stabilizes and generates

more accurate DICE values. A significant change
can occur in the displayed DICE value when the

tracker settles due to discrepancies between the pre-

dicted and actual flight paths during the turn. No
recommended heading is displayed during the arti-

ficial countdown. Because of larger turn radii, the



artificialcountdownsaregeneratedmuchmoreoften
duringthe210-knotoperationsthan theyareduring
the 170-knotoperations.

3.2.3.1.DICEfor 170-KnotOperation

In the 170-knotapproach-pattern-speedproce-
dure, the DICE countdownvaluesare displayed
whenevertheyarelessthan90secfor downwind-to-
baseturnsandlessthan45secforbase-to-finalturns.
Thesethresholdvaluesgivethecontrolleraboutthe
sameamountof leadtime for both casessincethe
ETA gainon the downwindlegsis about 2.0 and
for the baselegsis about 1.0. Thecriteriafor dis-
playingtherecommendedheadingarethat theDICE
valuemust meetits displaythresholdcriteria and
mustalsobe lessthan 60sec. The headingvalue
that is displayedis the headingusedin the DICE
ETAcalculation.That is, a base-legheadingis the
prescribedbase-legground-trackanglecorrectedfor
thewindexpectedat thebase-legaltitude. An ILS-
interceptheadingisbasedona20° intercept,a turn
directlyontothelocalizer,or interceptanglesin 5°
incrementsif the aircraft is in an overshootsitua-
tion. In the 170-knotversion,thereis noadjustment
to thethresholdwhenanovershoot(oftheextended
runwaycenterline)isanticipated.BecausetheDICE
parametersarenotdisplayeduntil thethresholdsare
met, an aircraft that is predictedto havean ex-
tremelylargeovershootmaybe quite closeto the
final-approachcoursebeforetheDICEisdisplayed.

3.2.3.2.DICEfor 210-KnotOperation

In the 210-knotprocedure,thethreshold,for dis-
playingthe DICE headingvahle,is basedon pro-
jectedtimeto go(clocktime)to theturnpointrather
thanon theDICEcountdownvalue.Thethreshold
valuewassetto 60secfor all DICEturns.Thetime
to goto theturn pointto satisfyanSLTis theDICE
valuedividedbytheETAgain.Theothermajordif-
ferencewith respectto the 170-knotprocedureis in
the displayof final-approach-courseovershootsitu-
ations.This versiondisplaystheDICE parameters
assoonasanovershootis predictedandalsoshows
theILS-interceptheadingthat will beneededwhen
thetime-to-turnpointis reached.Notonlydoesthis
providemoreleadtime but alsoprovidesthe con-
troller better informationon the extentof the pre-
dictedovershootthanin the170-knotversion.Thus,
thecontrollerhasthe option-tomodifyanaircraft's
profileon thebaselegto reduceoreliminatethenor-
mallyoperationallyundesirableovershoot.Examples
of normal(nonovershoot)DICE valuedisplaysare
shownin figure4. Thedatablockfor "TWA 896"

showsarecommendedILS-interceptheadingof 280°
with a DICE valueof 13sec. Thedata blockfor
"United280"showsarecommendedbase-legheading
of 345° with a DICE valueof 59sec,whichshould
countdownto zeroin about26sec.

WhentheTINIERdetectsthat a turn to anILS-
interceptheadinghasbeeninitiated,it computesthe
timeat whichthe turn shouldbecompleted.This
timeis thenusedto activatethe speed-DICEpro-
cedurewhichadvisesthe controllerwhento reduce
the aircraftspeedto 170knotsduringthe remain-
ing final-approachflight segmentsprior to the ap-
proachgate(apoint1mileoutsidetheFAFor5miles
fromtherunwaythreshold,whicheveris farther).It
shouldbenotedthat "earlyturn" and"earlyspeed
reduction"havetheoppositeeffectonaircraftarrival
timewith respectto theSLT.Thus,theDICEvalue
indicateshowlate the aircraftwill bewith respect
to its SLTif a reductionto the recommendedIAS
(170knots) is issuedimmediatelyratherthan how
earlyasin thecaseofvector-DICE.A morecomplete
discussionofthevector-andspeed-DICEalgorithms
anddisplaycriteriaiscontainedin appendixA.

Likeavector-DICE,thespeedvalueflasheswhen-
everthespeed-DICEvalueis lessthanor equalto
zero.Againreferringto figure4, thedatablockfor
"Delta989"showsaspeed-DICEvalueof zeroindi-
catingthat thespeedreductionto 170knotsshould
be issued.In this case,the datablockfield show-
ingtherecommendedtargetspeed"S170"wouldbe
flashing.

3.2.4. Graphic Marker Format

The graphicturn and speedreduction(in the
210-knotTIMERversion)FASAprovidesapictorial
representationofwhere,ratherthanwhen,to initiate
a flightprofile(headingor speed)change.Figure5
presentsthesametraffic scenarioas in figure2 but
with thegraphicmarkerformatdisplayedonthefinal
controller'sdisplay.Thecontroller'sobjectiveis to
initiate the changeasthe aircraftsymbolcomesin
contactwith thegraphicmarker.This is intendedto
becoincidentwith theDICEvaluecountingdownto
zero.

The display thresholds for graphic turn markers
are the same as for DICE heading-vector values. A

turn marker is displayed to the final controller when
an aircraft is within a flight time to the predicted

turn point of about 45 sec for 170-knot procedure

and 60 sec for 210-knot procedure. The turn mark-
ers consist of three directed line segments. Although

only two segments are required to depict the neces-
sary information, the three-segment marker avoids



theexaggeratedsegmentlengthsof thetwo-segment
markerfor turns greaterthan90°, asdiscussedin
section3.1.4on FASA issues. The first segment
is orientedalongthe projectedflight path directly
aheadof theaircraft.Its lengthisdeterminedby the
expectedgroundspeedof the aircraftandthenora-
inal timesexpectedfor controllercommunicationto
thepilot, pilot response,androll-in to theturn. The
secondandthird segmentscompleteanapproxima-
tionofaconstant-radiusturnwith thethird segment
alignedwith the headingnecessaryto maintainthe
groundtrackof thenext flight leg.As in theDICE
FASAwhenan artificial DICE countdownis gen-
erated,anearly-warningILS-interceptturn marker
will begeneratedto assistthecontrollerwhenavery
short (or nonexistent)baselegis computedduring
a downwind-to-baseturn. Again,this occursmore
frequentlyat 210knotsthanat 170knots.

Theonly differencebetweenturn markersin the
170-knotand 210-knotoperations,other than in
physicalsizedueto differentgroundspeeds,is that
theorientationof thethird segmentof base-to-final
turn markersalwaysrepresentsa turn fromcurrent
positionto intercepttheILS in the 170-knotopera-
tionsbutrepresentstheexpectedILS-intercepthead-
ing in the210-knotversion.This isrelevantonlyin
predictedovershootsituationswheretheturnmarker
extendsbeyondthelocalizercenterline.Whenthis
situationisdetected,thebase-to-finalturn markeris
presentedto thecontrollerimmediatelyandmayin-
dicateaprojectedturn directlyontofinalto asmuch
asa35° interceptfromtheoppositesideofthelocal-
izer,dependingon themagnitudeof theanticipated
overshoot.

Speed-reductionmarkers,in the210-knotTIMER
versionof thegraphicmarkerformat,aresmallcir-
clesenclosinganx. Thegraphicalspeedreduction
symbolusedis a monochromeversionof the speed
symbolin reference15,whichtheyemployedto indi-
catespeedreductionpointson theapproachroutes
prior to final. A displaythresholdlimit of 3.0n.mi.
aheadof the aircraftis appliedto thespeedmark-
ersto preventdisplayaheadof aprecedingaircraft.
Thisreducesclutterandpreventspossibleconfusion
asto whichaircraftthespeedreductionwasintended.
Also,wheneveraspeedmarkerispredictedto bedis-
playedon theoppositesideof theextendedrunway
centerlinefromthe aircraftto whichit belongs,it is
projectedontothecenterline.

Examplesof both typesof graphicmarkersare
shownin figure5. "Delta 989"shouldbegivenits
speedreductionto 170knotsimmediately,whereas
"TWA 896"and "United280"still havesomedis-
tanceto go beforebeingvectoredto ILS-intercept

and base-legheadings,respectively.Note that a
speed-reductionmarkeris extinguishedas soonas
thespeedchangeis initiated.Forturn markers,the
markerpositionis "frozen"just beforethe aircraft
reachesthe recommendedturn point or whenthe
appropriatechangein headingis initiatedand the
markerremainsvisibleuntil the time projectedto
completetheturn haselapsed.

Figure6 presentsan editedportion of the fig-
ure2210-knottrafficscenariowith agraphicmarker
showinganextendedrunwaycenterlineovershoot,if
normalprocedureis followed.Here,an ILS inter-
ceptheadingof 240° is indicatedfor "TWA 896."
Note,therunwayheadingwas260°, andthedisplay
wasorientedin a magneticnorth-upconfiguration.
A morein-depthdiscussionof the graphicmarker
algorithmsisalsoincludedin appendixA.

4. Experimental Facilities and
Conditions

4.1. Experimental Facilities

A sophisticated real-time ATC simulation using
the Denver Stapleton approach routes provided a

realistic, dynamic environment to assess final con-
troller performance with the FASA display formats
tested. A real-time version of the terminal-area

air traffic model (TAATM), with the TIMER al-

gorithms embedded (section 4.1.2), was interfaced
with an air traffic controller station to provide the

traffic to be controlled and the final-approach spac-

ing aids (FASA) studied. The computer data inter-
faces, voice links, and controller workstations of the

Langley Mission-Oriented Terminal-Area Simulation

(MOTAS) Facility (section 4.1.1) interactively linked
the TIMER algorithms, the subject controller, and

the pseudopilot station operators. These features will

be briefly described in the following paragraphs.

4.1.1. Mission-Oriented Terminal-Area

Simulation

The Langley Mission-Oriented Terminal-Area

Simulation (MOTAS) Facility (ref. 17) provides a

flexible representation of the airborne, ground-based,
and communication aspects of the ATC terminal-
area environment. The elements of the MOTAS facil-

ity used in this experiment are shown in figure 7. The
elements included a terminal ATC model, aircraft

models, pseudopilot stations, air traffic controller
stations (section 4.1.3), and a simulated air/ground
communication network.
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All the final approach sector traffic in this study
was "flown" via a pseudopilot station. The sim-

ulated aircraft, were controlled by keyboard input
of commands which dictated fimctions such as air-

speed, altitude, heading, interception of "the ILS.

In addition, pilot verbal radio communication to
ATC wcrc provided. To prevent overload and

ensure representative pilot-aircraft responses, the

pseudopilot station servicing the final control sec-

tor was staffed by a two-person team (fig. 8). One

person was the keyboard operator who input, in a
timely manner, the commands to control the air-

craft traffic. The other person was the radio oper-
ator who simulated the radio communication of all

aircraft entering and flying through the final sec-

tor. This operator was trained to use proper phrase-

ology and radio protocol. To enhance the realism

for the subject controller, the radio operator used
a voice disguiser to impersonate the voice quality

of multiple pilots. In addition to their primary

keyboard and radio operator duties, each pseudo-

pilot team member monitored the companion's out-
put to ensure accuracy and realism.

In addition to controller comments to that effect,

another indication of the realism and fidelity of the

experimental simulation is given in figure 9. Shown
is a histogram of actual pilot response times to ATC

turn commands from reference 11 and a histogram

of the pseudopilot response times recorded in this

experiment.

4.1.2. TIMER Simulation

The time values and display locations for each of
the FASA formats evaluated were obtained from the

TIMER (traffic intelligence for the management of ef-

ficient runway-scheduling) algorithms. TINIER is an
extended-terminal-area, computer-aided, time-based

ATC concept which has many features similar to the

NASA Ames CTAS system (refs. 1 through 3) which
will bc used in the FAA's Terminal ATC Automation

(TATCA) Program. The major operational features
of the TIMER concept are shown in figure 10 and

were applied to the Denver Staplcton nominal ap-

proach pattern for a land-runway 26L configuration

shown in figure 1. The principal TIMER model fea-
tures arc summarized as follows:

1. The arrival traffic stream into the extended ter-

minal area is derandomized at the horizon of con-

trol by establishing a proposed aircraft landing sc-

quence and building a list of aircraft SLT's based
on standard ATC separation criteria (events

and (_) of fig. 10). The desired metering-fix time

as a result of the assigned landing time is also
determined.
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2. Nominal estimated times of arrival used in fea-

ture 1 are based on aircraft performance models.

From using these models and predicted winds,

a ground-computed, fuel-saving, profile-descent
trajectory, to the aim point, is determined to meet

the aircraft's assigned SLT (events @ and @ of

fig. 10).

3. Computer-generated assistance is given to the

en route controllcr to help in meeting aircraft tar-

get times based on the en route cruise and pro-
file descent trajectory calculations. The param-

eters determined arc the en route cruise speed,

the time to initiate and the Mach/CAS spceds to

fly a flight-idle-thrust descent, and the terminal
segment speeds and headings.

4. Adjustmellts to the SLT's and, if necessary,
changes in the landing sequence are made to ac-
commodate errors and anomalies in factors such

as wind, navigation, airspeed, and heading which
affect the SLT of either the own aircraft or the

preceding aircraft. These schedule adjustments

occur at the following points shown in figure 10:

the metering fix, the speed adjustment points,
and the fine-tuning region. The landing sequence

is fixed and the aircraft speeds are reduced to

the appropriate pattern speed (170 or 210 knots)
before aircraft arrive in the fine-tuning region.

5. The aircraft trajectory is fine-tuned in the final-

approach regio n in order to meet the aircraft's last
adjusted SLT with a minimum time error. This
is where the FASA indicated turn and speed ma-

neuvers occur. The TIMER fine-tuning region is

defined by the boundaries of the vector headings

from the aim point for eastern arrivals (event @in
fig. 10) and by the boundaries of the downwind-

to-base turn for the western arrivals (event @ in

fig. 10). The dashed lines in both figures 1 and 10
indicate the boundaries of the fine-tuning region.

Within this region, a computer-aided fine-tuning

maneuver consists of timing when or locating

where both the turn-to-base (event @ in fig. 10)
and the turn-to-final (event if)) maneuvers should

occur. An additional fine-tuning feature was

added for the 210-knot approach procedure (de-

scribed in sections 3.1.5 and 3.2). This consists

of timing when or locating where, on final, the
speed reduction from 210 to 170 knots should

occur (event @ in fig. 10). In all cases, a compari-
son of the aircraft's SLT with its estimated time of

arrival (ETA) forms the basis for either the time
value (the when) or the position (the where) of the
FASA formats described in section 3.2. More de-

tails of the SLT and ETA computation are given

in appendix A.
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A more complete description of the TIMER con-

cept and model algorithms is furnished in reference 6.

In this study, the en route portion of the TIMER con-

cept was only modeled in the time dimension (i.e.,
4-D aircraft trajectories were not calculated; how-

ever, pertinent en route events such as initial sched-

uling, delays, and metering-fix time errors were com-

puted). From the metering fix to the runway (the

nominal terminal region) the entire aircraft trajecto-

ries (4-D paths) are deterministically modeled with
airborne-flight-technical and ground-radar errors in-
eluded. The entire extended-terminal TIMER model

was operated in the study; however, only tile region
inside the metering fixes had live, direct controller
interaction. Like the CTAS Final-Approach Spacing

Tool (FAST), the TIMER simulation accommodated
controller issued headings and speeds which deviated

from those used in a normal traffic pattern. This ro-
bustness added to the realism of the simulation and

to the validity of the results.

4.1.3. Simulation Air Traffic Controller

Station

Real-time air traffic controller interaction with

the TIMER simulation and the pseudopilots was ac-

complished via the two monochrome displays, sim-
ulation controller stations of the MOTAS facility.

As shown in figure 11, the two controller stations

(ATC station 1 on the left and station 2 on the
right) were equipped with a plan position indicator

(PPI) on which the TIMER-simulated aircraft posi-
tion information was displayed. Station 1 (fig. 12)

was of primary interest because it was designated
as the final controller station and used by tile FAA

subject controllers. A coordinator was provided
to assist the subject controller in performing non-
control fimctions and was seated to the immediate

right of the subject. Station 1 had a communica-
tion system for radio communication between the

subject controller and the pseudopilot station servic-

ing the final sector. Standard FAA type push-to-talk

headsets, Plantronics model HS 0110-2E, were used

with an optional foot-pedal switch. In addition, sta-
tion 1 was equipped with an oculometer electro-optic

head to obtain controller lookpoint data (described

in section 4.1.4).

Station 2 was used by the in-house controller

(former FAA terminal controller) who simulated the
feeder function for all the experimental runs. This

controller only modified aircraft headings, altitudes,

or speeds in his sector if requested by the subject

final controller, or if the feeder himself judged it nec-

essary. (During the test, feeder modifications were
only necessary during some manual, no FASA, runs

because the final became too extended.) Follow-

ing acceptance of the handoff by the final controller

(discussed in section 4.2.2), transfer of communica-
tion was initiated by a keyboard entry at station 2

which prompted the pseudopilot to perform a radio
"check-in."

The controller displays were simulated by an
Evans & Sutherland Multi Picture System with a

CI:IT measuring 23 in. in diameter and mounted ver-

tically (figs. 11 and 12). The displays emulated a
digitized radar presentation and were each configured

with an appropriately scaled video map of tile Denver
terminal area (fig. 13). The latest radar-derived,
aircraft locations were indicated by the letter sym-

bol which corresponded to the control position re-

sponsible for the aircraft. The three past locations,
at earlier radar scans, were represented by three

"dots" of decreasing intensity. These dots convey
trend information since no "trail" information was

available with the simulation display. Each aircraft

location was accompanied by its normal ARTS III

alphanumeric data block and a FASA display when

appropriate (section 3.2.1).

4.1.4. Oculometer Facility

The remote oculometer at Langley is a highly

modified Honeywell Mark 3A system used to deter-
mine and record the lookpoint of a test subject. Some

of its defining features arc:

The system is unobtrusive and nonrestrictive;

it projects a beam of collimated near-infrared
light at the subject's eye and then processes the
reflected return to a video camera

Both hardware and real-time software have been

modified at Langley to better accommodate the
air traffic control environment; postproeessing

software was developed in-house to correlate look-

point data with the corresponding objects on the

controller's display

The system tracks head movement in a 1-ft cube

It quickly reestablishes track when subjects rotate
their head and then turn back toward the display

The sample time is every 1/30 see; it writes a data
record at the end of each fixation or out-of-track

event (defined later)

The system is capable of video taping the data
runs; the lookpoint, which is electronically super-

imposed on the PPI scene, is recorded as well as
the final controller voice channel and the control

room audio

The following discussion expands on some of the sys-
tem features. However, more detailed information on
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theoculometersystemcanbe foundin sectionE.1.
In addition,appendixesA andB ofreference18con-
tainadetaileddescriptionof theLangleyoculometer
systemandits usein cockpitdisplayevaluation.

q

The oculometer facility computes and stores a

time history of eye-scanning events. These events

characterize the interaction of the controller-subject
with the display as he or she directs air traffic in the

simulated TRACON facility. Each event is either in-

track or out-of-track. In-track events are lookpoint

fixations which are characterized by a continuous
focus of the subject's gaze on a small area of the

display (usually in the vicinity of a display object)

for multiple oculometer sample periods. Dwell time
is defined as the length of a fixation. An out-of-track

event or a significant movement of the lookpoint

causes a fixation to end and triggers the recording
of the event. Out-of-track events occur when the

system loses track of the subject's eye for some period

of time. This track loss occurs during blinking or
if the controller turns his head for various reasons.

An out-of-track ends with an in-track, that is, the
recapture of the eye. For each in-track fixation event,

ttle system records

The location of the controller's lookpoint on the

radar display

The pupil diameter

The duration of the lookpoint fixation

The system records an event as a single file record

with the duration of the event being an integer
multiple of the oculometer sample period. During

postprocessing, out-of-track events are classified as

noise when less than 4 periods in duration, as a blink

when between 4 and 12 periods, and as being "long"

(i.e., turning head or blocking beam) when greater
than 12 periods.

4.2. Experimental Conditions,

Controller Task, and Subject Profile

4.2.1. Terminal Area Conditions

Simulated

The arrival routes of Denver's Stapleton Inter-
national Airport operating in a "land-runway 26L"

configuration (fig. 14) were simulated assuming IMC.

The ILS runway 26L approach plate is shown in fig-
ure 15. A linear wind model using statistical coef-

ficients for an average Denver area wind was used

in all runs. The simulated wind velocity at ground

level was 7.9 knots from 277 ° with a speed gradient

of 2.37 knots per 1000 ft. In this study, the wind
direction was constant at all altitudes.
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The arrival traffic simulated was made up entirely

of airline transport aircraft. The route-loading and
aircraft-type distribution were obtained from the Of-

ficial Airline Guide (OAG) information and used to
construct computer-generated traffic samples repre-

senting weekday arrivals at Stapleton. All the traf-
fic entered the terminal area at the metering fixes.

The metering fixes at Stapleton are KEANN, IOC

(Kiowa), BYSON, and DRAKO (figs. 1 and 14). The
simulated arrival traffic was distributed at the four

metering fixes in the following manner:

Metering fix Percentage of total traffic

KEANN 24

IOC (Kiowa) 29
BYSON 26
DRAKO 21

The traffic arrival rate was between 39 and 42 air-

craft per hour depending on the mix of large and
heavy aircraft for the particular traffic sample used.

The long-term average traffic mix was 87.5 percent
large aircraft and 12.5 percent in the heavy cate-

gory. Large aircraft are those with a maximum certi-

fied takeoff weight of between 12 500 and 300 000 lb.

Heavy aircraft are those capable of takeoff we!ghts
of 300 000 lb or more regardless of their actual weight

(ref. 19).

Inside the FAF, the separations briefed to the

subjects and used by the FASA algorithms were a
function of the weight class of both the lcad and

trail aircraft of a pair. By using aircraft velocities

and simulated winds, the separation distances were
converted to separation times for scheduling purposes

in the TIMER algorithms. The distancc separation

criteria, used in terms of the lead and trail aircraft of

a pair, conformed to current FAA standards (ref. 19)
for airports where reduced separations (2.5 n.mi.)

inside the FAF is authorized. The separations were
as follows:

Separation of

trail aircraft, n.mi.

Lead aircraft Large Heavy

Large 2.5 2.5

Heavy 5 4

4.2.2. Approach Paths and Procedures

The airspace and procedural environment closely

resembled that in use at Denver Approach Control.



The final controller's airspace (referred to at Denver

as the dump region) is centered over the final-
approach course, extending from the approach end

of runway 26L to a point 20 n.mi. east and 8 n.mi.

on either side of the final approach course (figs. 13(b)

and 14). For simplicity in briefing, the dump airspace
vertical limits of the simulation, surface to 10 000 ft,

were slightly modified from the actual Denver oper-

ation. The feeder controller's sector is composed of

essentially the arrival corridors (11 000 ft and above)
and the airspace above the dump region.

There were two final-sector pattern-speed proce-
dures modeled in TIMER to evaluate the FASA's.

One version assumed a constant pattern airspeed un-

til the reduction to final-approach speed begins in

the vicinity of the FAF. In this evaluation, the con-
stant pattern-speed value used was 170 knots and was

called the 170-knot procedure. The other TIMER

version allows a higher initial airspeed through the

turn-to-final then reduces to a slower pattern speed
which is maintained until the final-approach speed

reduction begins. In our evaluation, 210 knots were

used for the initial pattern speed followed by a re-
duction to 170 knots after the turn-to-final and was

called the 210-knot procedure.

Figure 14 depicts the normal traffic flow in the

arrival corridors and dump airspace. Speeds for all
aircraft were reduced, at predetermined points out-

side the dump region, to an IAS of 170 or 210 knots,

depending on the speed procedure being used for a

given scenario. Traffic in the simulation proceeded
inbound via the four arrival corridors, tracking ra-

dials to the Denver VOR (DEN, fig. 1), descending

to 11000 ft at an indicated airspeed of 250 knots.
Aircraft are automatically placed in hand-off status

to the final sector resulting in a flashing data block

on the final controller's display; the coordinator nor-

really accepted the hand-offs (transfers of control) for
the final controller. Prior to simulating communica-

tions transfer, aircraft from the western fixes were

turned to a 080 ° downwind heading; aircraft from the
eastern fixes are issued headings based on traffic con-
ditions and are issued an additional descent to 8000 ft

(western aircraft are issued descent to 8000 ft by the

final controller).

Once the aircraft entered the lateral limits of the

dump region, the subject final controller was respon-

sible for sequencing, spacing, and issuing vectors for

the ILS RWY 26L approach (fig. 15). Sequencing and
spacing was accomplished using vectors and, in the

210-knot procedure, a speed reduction was also used.

During runs for which no aids were provided, the

subject's own vectoring and speed control techniques
were used to space and separate the traffic. However,

when provided, FASA's were expected to be used to

the extent possible. The final controller was also re-

sponsible for issuing the approach clearance and a

change to the tower frequency.

4.2.3. TIMER/Controller Interaction

There are two levels of control in the simulation:

program (TIMER control) and manual (controller

commands). For the FASA studies, aircraft were or-
dinarily both ATC controlled and "flown" by TIMER

from the time the aircraft appeared in the simulation

(in center airspace) until the completion of a hand-off

to the final controller (prior to the aircraft entering

the dump airspace). At this time a keyboard entry by
the feeder controller freed the aircraft to be pseudo-

pilot controlled based on final controller issued in-

structions. While the aircraft were normally un-
der control of the simulation program in the feeder's

airspace, the feeder controller was able to input com-

mands by keyboard to alter the aircraft heading,

speed, or altitude if he deemed it necessary or was

requested to do so by the final controller.

All aircraft in the dump region were flown by the

pseudopilot-stations keyboard operator in response

to instructions issued by the final controller. Af-

ter the approach clearance had been issued by the
controller, the aircraft would automatically join the

localizer and intercept the glide slope when encoun-

tered. A reduction to approach speed also occurred

in the vicinity of the outer marker. When the aircraft
reached a height of 20 ft above the runway, the po-

sition symbol and associated data block disappeared

from the display.

4.2.4. Experimental Task and Controller

Subject Profile

The controller subjects were assigned the role
of the final controller during simulation runs. The

airspace and procedure responsibilities of the final

controller were explained in section 4.2.2. The pri-

mary responsibilities were sequencing and spacing
inbound aircraft and providing the approach clear-

ance. Subjects were instructed to use the FASA when

provided; however, they were briefed that they were

ultimately responsible for separation of the traffic.

The 12 subjects for this study were all full perfor-

mance level (FPL) controllers from Norfolk (ORF)

Approach Control which is a Level IV (Level V de-

picts busiest U.S. terminals) radar approach control
facility. Two subjects were supervisors and two oth-

ers were staff personnel all of which were current in

the approach control facility. The total time that
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the subjectshadworkedat NorfolkApproachCon-
trol variedfrom3 to 13.5years;theaveragetimeat
Norfolkfor all subjectswas7 years; the average time

as an FPL controller was 5.25 years with a range of 1

to 10 years. The total period of radar ATC experi-

ence among the subjects ranged from 6 to 19 years.

(This time includes only experience at radar facili-
ties where the types of ATC services provided are

reasonably comparable with the nature of the task

in this study.) Nine of the 12 subjects had been FPL
controllers at other facilities.

4.3. Experimental Sequence and

Measures of Performance

The practice and data sessions for each subject

controller covered a period of 4 successive days. The

first 2 days were devoted to one speed procedure,
whereas the last 2 days were devoted to the other.

Initially each subject was briefed on the purpose

of the experiment, the simulation facility and con-
ditions, the airspace and procedures, the two pat-

tern speeds to bc tested (170- and 210-knot pro-

cedures), and the duties and responsibilities. The
controller was then given a hands-on explanation and
demonstration of the ATC simulation. This was fol-

lowed by a practice session using manual control (no

FASA) which lasted until the subject was comfort-
able with the procedure and simulation and ready
for the data run. After a suitable break, the manual

format data run of 1 hr and 10 min was performed

and the postrun questionnaire answered. Tile initial

pattern-speed procedure used for each subject was

dictated by the experimental matrix.

Each of the following 3 half-days consisted of
a FASA format briefing, a practice session, and a

data session of 1 hr and 10 min followed by the

postrun questionnaire. The format briefings included
a detailed description of the format and how it should
be used. For the centerline slot marker, subjects were

also briefed on suggested techniques to merge aircraft
with their slots. The three FASA formats used the

same speed procedure as the initial manual run.
Tile order of the FASA formats was dictated by the

experimental matrix. Table 1 gives an approximate
time schedule because the length of the practice

session depended on the subject feeling comfortable

and prepared to begin a data-collection session.

As shown in table 1, the second 2 days consisted

of the manual briefing, practice, data session, and

postrun questionnaire followed by the three FASA

formats using the second pattern-speed procedure.
The 170- and the 210-knot speed procedures each

had one practice traffic sample and six data samples
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(table 2) to prevent the controller from remembering
traffic situations from previous data runs. The exper-
imental matrix is shown in table 3. The runs were

numbered odd for practice runs and even for data

runs. Each data run is identified by the format and

the traffic sample record number from either the 170-

or 210-knot speed procedure. Note, the order of both

the speed procedures and the FASA formats were

randomized from subject to subject to minimize any
learning or order effects on the experimental results.

From an ideal, experimental design viewpoint,

always performing the manual format first might

raise some question as to whether this favors the

other formats, relative to a learning effect. The
contention is that the professional experience of the

subjects in using the manual format in everyday
practice more than counterbalanced any concern in

that regard. In fact, the approach was that the
manual practice run was really an opportunity for

the subject to get familiar with the airspace and
the simulation environment rather than a session to

gain proficiency and experience in using the manual
format. This approach was selected because it gave

us the maximum quality and quantity of data return

for the subject time available. In addition, recall that
a fair FASA comparative evaluation was the main

objective.

The basis for a comparative evaluation of the

FASA formats is the several parameters of con-
troller performance and reaction that were mea-

sured. The key parameter is the separation precision
but the other measures add important information

in the comparative assessment. The experimental
measures, in the order discussed in this report, were

1. The precision of aircraft delivery and separation
in terms of standard deviation of aircraft pair

interarrival error at the runway threshold

2. The mean number of vectors (heading instruc-

tions) per aircraft issued by the final controller

3. The controller response time to a "direct" FASA

suggested heading and speed advisories

4. The subject controller eye-scanning behavior on
the PPI as measured by the Langley oculometer

system; these processed data indicate information
such as areas of concentration, dwell time, num-

ber of aircraft pair cross checks

5. The controller's reaction and acceptance from

subject questionnaire and debriefing comments

6. The relative workloads of the FASA formats ob-

tained from the task load index (TLX) technique



5. Results and Discussion of
Real-Time Simulation

Thepreviouslydiscussedexperimentalmeasures
weretakenof the subjectcontrollers'performance
andreactionswhileservingasthefinalcontrollerin a
real-time,interactiveTRACONsimulation.Foreach
of the two representativepattern-speedprocedures,
datawerecollectedby usingthefour finalcontroller
displayformats. Basedon the approachpattern-
speedprocedureissuesdiscussedin section3.1.5,it
wasdecidedthat specificinterestin onlyoneof the
procedures,aswellasgeneralityof results,wouldbe
servedbestby presentingthe analysisof eachmea-
surein threesubsections.The first subsectiondis-
cussesthe 170-knotpattern-speedprocedureresults,
thesecondpresentstheresultsofthe210-knotproce-
durewith speedcontrolon final,andthethird com-
paresthe resultsof the two procedures.This sec-
tion presents a detailed discussion and data analysis;

major results are given in section 6.

5.1. Delivery-Time Precision at Runway

Threshold

The measure used to assess control precision is
the standard deviation of aircraft-pair interarrival

time error (IAE), which is defined in appendix B.

Briefly, IAE is the difference in the arrival time errors

of a pair of sequentially landed aircraft. This error
can be written in terms of aircraft actual time of

arrival (ATA) and scheduled landing time (SLT) at
the runway threshold for aircraft 1 and 2 of the

sequential pair:

IAE = (ATA2 - SLT2) - (ATA1 - SLT1) (1)

By regrouping terms, IAE can also be expressed as

IAE = (ATA 2 - ATA 1) - (SLT2 - SLT 1 )

= (Actual separation time) - (Scheduled separation time) (2)

Even though each aircraft of a pair has its own

runway threshold time error, if the time error is the
same for both (i.e., a constant bias), the IAE will

be 0 and the pair separation will be correct. Thus,

spread of the IAE's indicates variation in desired

spacing and is the attribute of interest. IAE spread is
characterized by the statistical measure of dispersion

about the mean, the variance, or its square root, the
standard deviation.

When aircraft are on instrument approaches dur-

ing manual control, the controller concerns are with

aircraft-pair separations conforming to the radar sep-
aration standards in effect. Therefore, in the manual

runs, only separations were measured and the land-

ing order or scheduled landing times were not kept
track of. The test subject controllers were instructed
to aim for minimum allowable separation. For the

tightly packed traffic used in the test, we assume the
controller was attempting to maximize the landing

rate by keeping aircraft-pair separations to the min-
imum distance allowed. For this case, wc can treat

the minimum required separation as the intended or

scheduled separation. Thus for manual data runs, an
equivalent manual interarrival time IAE I (defined in

section B.2) can be obtained. If the aircraft thresh-

old crossing times, the final approach speed, and the
wake vortex spacing requirement are known, the IAE p

can bc calculated from

IAE' = (ATA 2 - ATA1) (Time to fly scheduled separation) (3)

Each subject controller's numerical mean and stan-
dard deviation of interarrival time error are given

in table 4 for the display formats and speed proce-

dures tested. Also presented are the standard devi-

ations obtained from lumping (simply combining all

controller's data for a condition) and from pooling

(weighing individual run standard deviations). To
preserve anonymity, the controller subject numbers
have been randomized and bear no relationship to the

original test order appearance; however, listed sub-

ject numbers are consistent for all report data. The
histograms resulting from lumping all the subject
controller interarrival-time errors for a particular dis-

play format are shown in figure 16. Figure 17 shows

the excess separation at threshold (actual separation
distance minus wake vortex required distance) his-

tograms for the benefit of readers more familiar with
the distance domain. It should be noted that, for the

dense arrival traffic condition simulated, figures 16

and 17 are an approximate time/distance domain

mapping of each other.

Figures 16 and 17 give a visual indication of the
interarrival time or distance error distributions as-

sociated with each condition tested. However, note
in table 4 that the mean interarrival time errors

vary from controller to controller, particularly for
the manual runs. When the interarrival errors from

all the controllers are simply combined or lumped

together, the standard deviation obtained is larger
than representative of the sampled controllers' per-
formance. The overestimation is due to the spread-

ing effect of the difference among the means. The

statistical pooled estimate of the standard devia-

tion (so) was used as the measure of comparison be-
cause it overcomes this spreading limitation and more

15



accuratelycharacterizesthespreadoftheinterarrival
timeerrorsof thefinal-controllersampletested.The
pooledestimateof thevarianceof apopulationfrom
whichk samples were taken is defined as

s_) = (nl - 1)s21 + (n2 - 1)s_ + ... + (n k - 1)s 2
nl + n2 +... + n k - k

(4)

where, respectively, nl, n2, ..., nk are the number

of data points in each sample and Sl2, s2, ..., s 2

are the calculated variance of each sample around

its mean. The pooled estimate has nl + n2 + ... +

n k -k degrees of freedom for making significance
test or finding confidence intervals. Interarrival time
error data collected from each controller is treated

as a sample with n i data points and s 2 variance.

The pooled estimates of the standard deviation of the
interarrival error are shown in table 4 and are plotted

in figure 18 with their corresponding 95 percent

confidence intervals. (Remember that at 210 knots,

a speed adjustment is made on final.)

5.1.1. Time Precision of 170-Knot Pattern-Speed Procedure

Looking at the left side of figure 18 for the results of the 170-knot pattern-speed procedure, we see the

standard deviations of the interarrival time error are clustered in two groups. The manual/ARTS III (18.9 sec)

and the centerline slot marker (17.8 sec) formats are near each other and have higher standard deviations than

the closely grouped pair of the graphic marker (14.7 sec) and DICE countdown (13.9 sec) formats. The results

are presented of a systematic series of pairwise, one-sided statistical F tests performed to determine whether

the following variance comparisons (al 2 > a 2) were significant:

Manual/FASA statistical comparisons:

0.170MAN2 > a1270G M at 0.0005 level of significance (99.95 percent confidence)

2
al70MAN > 0.270DICE at 0:0005 level Of significance (99.95 percent confidence)

0.1702MAN not > o.1702CSM cannot reject null hypothesis (at 0.05 level of significance)

FASA statistical comparisons:

0.170CSM2 > 0.170GM2 at 0.0005 level of significance (99.95 percent confidence)

0.170CSM2 > 0.170DICE2 at 0.0005 level of significance (99.95 percent confidence)

2 not > 2al70GM 0.170DICE cannot reject null hypothesis (at 0.05 level of significance)

Statistically 0.12was considered larger than 0.5 when the level of significance a was less than 0.005 or confidence

greater than 99.5 percent (i.e., reject null hypothesis that (a2)'s are equal when there is up to 0.5 percent risk

of type 1 error- -up to 0.005 probability that (0.2)'s actually were equal). Note that for a series of n pairwise

tests that are each performed with level of significance a, the experimentwise or joint level of significance a t

is bounded by a _< 1-(l-a) n (ref. 20). Thus, when n--6 and a=0.005, the resultant a _ was _0.03

(> 97 percent confidence).

For the 170-knot pattern-speed procedure, statistical analyses of the test results indicate that the centerline

slot marker format cannot be said to improve the precision of final spacing over that achieved manually with

no final-approach spacing aid. What this result seems to show is that, when the aircraft and its slot marker

are traveling at the same 170-knot speed, the judgment of when to turn the aircraft from base-to-final to

merge with its slot marker is somewhat demanding. In fact, in terms of separation performance, the judgment

required appears comparable with the judgment (in the manual mode) of when to perform the base-to-final

turn to separate an aircraft from the preceding aircraft on final. It is worth noting that even though the slot

marker IAE spread was comparable with that of the manual format, its bias (mean) for most of the subjects

was less than that of the manual format. This indicates a slightly higher arrival rate (increase from 31 to 32.6

aircraft per hour based on assumptions of section 5.1.4) could be expected from the centerline slot marker

because it had less excess separation.

The F test indicated there was no statistically significant difference between the delivery precision of the

graphic marker format and the DICE countdown format for the 170-knot pattern-speed procedure. However,
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we can say, with high confidence (at least 99.7 percent for six pairwise comparisons at a = 0.0005), that both

the graphic marker and the DICE countdown improved the delivery performance relative to either the centerline

slot marker or the manual format. The graphic marker and DICE countdown format improved the standard

deviation of the interarrival time error by 4.2 to 5.0 sec over that achieved manually with no FASA.

5.1.2. Time Precision of 210-Knot Pattern-Speed Procedure

The results of the 210-knot pattern-speed procedure are included on the right side of figure 18. The

standard deviations of the interarrival time error for all the FASA formats are considerably less than for the

manual/ARTS III format (15.4 sec). As in the 170-knot procedure, the graphic marker format (9.4 sec) is less

than the ccnterline slot marker forlnat (11.2 see). However, in this case the DICE countdown format (8.2 sec)

appears to bc slightly less than the graphic format. The results are presented of a series of pairwise, one-sided

statistical F tests performed to determine if the following o.12> o.22comparisons were significant:

Manual/FASA statistical comparisons:

2 2
O.210MAN > O.210GM at 0.0005 level of significance (99.95 percent confidence)

2 2
(7210MAN > O.210DICE at 0.0005 level of significance (99.95 percent confidence)

o.2 o.2
210MAN > 210CSM at 0.0005 level of significance (99.95 percent confidence)

FASA statistical comparisons:

2 2
O.210CSM > O.210GM at 0.0005 level of significance (99.95 percent confidence)

o.210CSM2 > O.210DICE2 at 0.0005 level of significance (99.95 percent confidence)

2
O"210 GM :> O.2210DICE at 0.005 level of significance (99.5 percent confidence)

For the 210-knot pattern-speed procedure, we can say with high confidence that the test results for the

centerline slot marker format show an improvement in precision of final spacing over that achicved manually

with no final-approach spacing aid. The improvement measured was a reduction of 4.2 see in the standard

deviation of the interarrival time error. The graphic marker format, with speed reduction aiding on final, had

an even better improvement over the manual with a reduction of 6.0 see. The DICE countdown fornmt with

speed reduction aiding on final, had the best FASA improvement over the manual format with a reduction
of 7.2 see in the standard deviation of the interarrival time error.

5.1.3. Precision Comparison of 170- and 210-Knot Pattern-Speed Procedures

The measured reductions in the standard deviation of the interaraival time error for the 210-knot procedure

were noteworthy. From figure 18, cach format's standard deviation for the 210-knot procedure was reduced

relative to that for the 170-knot procedure. The results are presented of pairwise, one-sided statistical F tests

to determine whether the following o.2 > 0,22comparisons, between the two pattern speeds, were significant:

2 2
O.170MAN > O.210MAN

2 2
(7170G M > o'210G M

2 2
°'170 DICE :> o.210DICE

2 2
o.170 CSM > o.210 CSM

2 not > o.2(7210 MAN 170G M

at 0.0005 level of significance (99.95 percent confidence)

at 0.0005 level of significance (99.95 percent confidence)

at 0.0005 level of significance (99.95 percent confidence)

at 0.0005 level of significance (99.95 percent confidence)

cannot reject null hypothesis (at 0.05 level of significance)

With very high confdence (at least 99.8 percent for four pairwise comparisons at (_ = 0.0005), we can say

that the 210-knot pattern-speed procedure, with its speed reduction control, improved the delivery precision

relative to that of the 170-knot pattern speed for the manual format and each of the FASA formats tested. The
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reductionin standarddeviationfor themanualformatwas3.5secandthereductionsfor theFASAformats
werebetween5.3and6.6sec.What is particularlynoteworthyis that thearrivalprecisionof the 170-knot
proceduregraphicmarkerformatcouldnot beconsidereddifferentfromthat of the 210-knotmanualformat.
Theseresultsindicatethat theadditionofspeedcontrolaiding,onfinalapproach,to aFASAhasthepotential
to significantlyimproveaircraftseparationprecisionat facilitieswhereaninitial higherpatternspeedonfinal
is practical.Recallfromsection3.1.5that slowerpatternspeedsoffermoreplanningtimeto organizetraffic.
Anotheraspectto consideris that whenthecenterandapproachelementsof TATCA(theCenter/TRACON
AutomationSystem(CTAS))areoperating,higherpatternspeedscloserin maybemorefeasiblethan in
today'senvironmentwith noautomationdecisionaids.

5.1.4.Runway Arrival Rate Benefit
Assessment

A simplesinglerunwayarrivalrate model,con-
rainedin appendixC, wasusedto givean indica-
tion of what capacityeffectthe variousmeasured
FASAcontrolprecisionswouldhaveona time-based
TATCAsystem.Theconditionsassumedare

Arrivalonlyrunway,IMC with constantdemand
Runwayoccupancytimesare lessthan aircraft
pairseparationtimes
Twoclassesof aircraft heavy(H) andlarge(L)

Trafficis 85percentlarge,15percentheavy
FinalspeedofheavyaircraftpastFAFis140knots
GS

FinalspeedoflargeaircraftpastFAFis 130knots
GS

5.5n.mi.fromfinal-approachfix to threshold
Separationviolationsrestrictedto 5percent

Arrivalratesareplottedin figure19fortile following
separationrequirements:

Leadaircraft

Large
Heavy

Separationfor
trailaircraft,n.mi.

Large Heavy
2.5 2.5
5 4

Leadaircraft

Large
Heavy

Separationfor
trailaircraft,n.mi.

Large Heavy
2 2
4.5 3.5

With the useof the 2.5/4/5 n.mi. separation
curve,thearrivalratedifferencebetweenthat of the
manualformatandthat of the graphicmarkerfor-
mat wasusedto representthe potentialbenefitof

a TATCA systemwith FASAascomparedwith a
TATCAsystemwithoutFASA.Thus,a FASAtheo-
reticallywouldincreasetheIMC arrivalrate6.6per-
centfor the 170-knotpattern-speedprocedure.For
the 210-knotpattern-speedprocedure,therewould
bea potentialFASAincreaseof 10.6percent.If the
170-knotmanualformatis usedasthe baselineto
compareagainstthe arrival ratepossibleby imple-
mentinga higherapproachspeedon final together
with turn andspeedreductionaiding,the potential
improvementwouldbeamoredramatic16.5percent
in theIMC landingrate.

Thinkingfartherintothefuture,amoreadvanced
integratedTATCAsystemwoulduserefinedweather
prediction,wakevortexmodelinganddetectionto-
getherwith preciseaircraft flair and touchdown,
high-speedturnoffs,andrunwayguidanceto dynam-
icallyadjustseparationtimesto theminimumspos-
sibleunderthe atmosphericconditions.When the
weatherwouldpermit the useof time separations
whichtransformto 2/3.5/4.5 n.mi. distance separa-

tions, this advanced TATCA system (using the 210-

knot approach speed with appropriate FASA) could

theoretically land 44.3 aircraft per hour. This trans-
lates to a 36.2-percent increase over the baseline man-

ual format, 170-knot pattern-speed procedure, IMC
arrival rate.

5.2. Vectors Per Aircraft in Final Sector

Each subject controller's mean number of vectors

(heading changes) per aircraft in the final sector is
shown in figure 20(a) for the display formats and

speed procedures tested. Also shown arc the com-
bined means of all the controller subjects for each

FASA display format of both pattern-speed proce-
dures. These combined means are plotted in fig-

ure 20(b). Note that the mean vectors per air-
craft were for all aircraft landed during the data

period. They consisted of both eastern aircraft, on
base, which required at least one heading change

to intercept the ILS and western aircraft, on down-

wind, which normally required at least two heading

changes.
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5.2.1. Vectors Per Aircraft for 170-Knot Pattern-Speed Procedure

The number of vectors per aircraft of tile formats for the 170-knot pattern-speed procedure appear to fall

into three levels the manual format (2.7 vectors/aircraft) has the highest mean value, the centerline slot

marker format (2.2 vectors/aircraft) is next, and the DICE countdown (1.6 vectors/aircraft) and the graphic

marker (1.5 vectors/aircraft) formats have the lowest number of vectors per aircraft in the final sector. A

single-factor (display format), repeated measure analysis of variance yielded a P value of 0.0001 for treatment

differences. The results are presented for Fisher PLSD (protected least significant difference) post hoe, paired

comparisons to determine whether the differences in measured vectors per aircraft were statistically significant:

Manual/FASA statistical comparisons:

/Q70MAN > ]2170CSM at 0.005 level of significance (99.5 percent confidence)

#170MAN > /-tl70DICE at 0.005 level of significance (99.5 percent confidence)

Pl70MAN > #170GM at 0.005 level of significance (99.5 percent confidence)

FASA statistical comparisons:

Ptl70CSM > Pl70DICE at 0.005 level of significance (99.5 percent confidence)

Pl70CSM > #170GM at 0.005 level of significance (99.5 percent confidence)

#170DICE not > #170GM cannot reject null hypothesis (at 0.05 level of significance)

The analyses indicated that there was no statistically significant difference between the mean vectors per

aircraft of tile graphic marker format and that of the DICE countdown format for the 170-knot pattern-speed

procedure. However, with high statistical confidence (99.5 percent), we can say both the graphic marker and

DICE countdown formats reduced the mean number of vectors per aircraft relative to that of both the manual

and centerline slot marker formats. The measured mean reduction of both the graphic and tile DICE relative

to the manual format was 1.1 vectors/aircraft and their average measured reduction relative to the centerline

slot marker was 0.6 vector/aircraft. Also with high statistical confidence (99.5 percent), we can say that the

subjects when operating with the centerline slot marker format, on the average, used fewer vectors per aircraft

than when operating manually with no FASA. The centerline slot marker measured reduction relative to the

manual format was an average 0.5 vector/aircraft in the final sector.

The graphic marker and DICE countdown formats indicated suggested turn location and headings based on

a classic squared approach pattern (downwind parallel to final and base perpendicular to final). On the other

hand, the manual technique varied from controller to controller, depending on training and procedures learned

at current and earlier facilities in their careers. As the individual subject results for the 170-knot procedure

indicate (fig. 20(a)), a third to a half of the controllers strongly t_nded to issue intermediate vectors rather

than a single downwind-to-base or base-to-final heading. A fair question to raise is whether the manual format,

vectors per aircraft measured from tile test subjects, fairly represents U.S. controllers. In other words, did

the subject sample have a larger proportion who tended to use intermediate vectors for spacing (as opposed

to squared turns) than contained in the general controller population? We do not have the data to answer

the question. However, while more pronounced for subjects 4, 5, 8, 10, and 11, all the subjects had lower

average vectors per aircraft for their DICE countdown and graphic marker formats than they did for either
their manual or centerline slot marker formats.

For the population of controllers tested, the roughly 40-percent reduction in average vectors per aircraft

observed (between the manual and that of either the graphic or DICE format) has the potential to reduce the

current communication congestion experienced at major terminals during peak traffic periods. The reduction

in the number of vectors also appears to have some impact on the distribution of aircraft in the simulation's

dump airspace. This relation is complicated somewhat by the fact that imprecision of timing vectors (for

instance being late on downwind-to-base turn) can also spread aircraft in the dump airspace as well as the

process of issuing more vectors per aircraft (intermediate vector technique). Figure 21, which plots the aircraft
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positionsevery20sec,showsthefinalsectorflowpatternfor the 170-knotprocedurefor all forlnats(manual,
centerlineslot marker,DICE, andgraphic).Clearly the manual format (with the most vectors per aircraft

and less vectoring precision) has the most widely dispersed (less concentrated) flow pattern of the four. The

graphic marker and DICE formats (with the least vectors per aircraft and most vectoring precision) have the

more concentrated dump flow pattern of the formats in figure 21.

5.2.2. Vectors Per Aircraft for 210-Knot Pattern-Speed Procedure

As for tile 170-knot pattern-speed procedure, the number of vectors per aircraft of the formats for the

210-knot procedure also appear to fall into three levels (fig. 20(b)). The format order is also the same; however,

the spread between the extreme values is reduced somewhat. The manual format (2.3 vectors/aircraft) has the

highest mean value. The centerline slot marker (1.8 vectors/aircraft) is next. The graphic marker and DICE

countdown formats (each with 1.5 vectors/aircraft) have the least number of vectors per aircraft in the final

sector. A single factor (display format), repeated measure analysis of variance yielded a P value of 0.0001 for

treatment differences. The results arc presented for Fisher PLSD (protected least significant difference) post

hoc, paired comparisons to determine whether the differences in measured vectors per aircraft were statistically

significant:

Marmal/FASA statistical comparisons:

/t210MAN > tt210CSM at 0.005 level of significance (99.5 percent confidence)

/t210MAN > /_210DICE at 0.005 level of significance (99.5 percent confidence)

P210MAN > #210GM at 0.005 level of significance (99.5 percent confidence)

FASA statistical comparisons:

/t210CSM :> /t210DIC E at 0.01 level of significance (99 percent confidence)

/t210CSM > P210GM at 0.01 level of significance (99 percent confidence)

tt210DICE not > /_210GM cannot reject mill hypothesis (at 0.05 level of significance)

The results for the 210-knot pattern-speed procedure parallels those for the 170-knot procedure. No

statistically significant difference was found in the mean vectors per aircraft for the graphic marker and the

DICE countdown formats. However, with high statistical confidence (99.5 percent), we can say that the graphic

marker and DICE countdown formats reduced the mean number of vectors per aircraft relative to the manual

format and, with high confidence (99 percent), that the same two reduced the number of vectors relative to the

centerline slot marker format. The measured mean reduction of both the graphic and DICE formats relative

to manual format was 0.7 vector/aircraft and the mean reduction, of the same two formats, relative to the

eenterline slot marker was 0.3 vector/aircraft. Also with high statistical confidence (99.5 percent), we can say

that the subjects used fewer vectors per aircraft when operating with the centerline slot marker than when

operating manually with no FASA. The measured reduction for the ccnterline slot marker format relative to

the manual format was 0.5 mean vector/aircraft in the final sector.

When operating with the 210-knot pattern-speed procedure, the population of controllers tested used about

30 percent fewer vectors per aircraft for the graphic or DICE formats than they used for the manual format. As

stated earlier, this has the potential to reduce communication congestion at the major terminals during peak

traffic periods. As in the 170-knot procedure, there appears to be a correlation between vectors per aircraft and

the spread of aircraft in the dump airspace, although precision of vector timing also had an effect. Figure 22

indicates the final sector dump flow pattern for the 210-knot procedure for all formats (manual, ccnterline slot

marker, DICE, and graphic). Clearly the manual format (with the most vectors per aircraft and less vectoring

precision) has the most widely dispersed (less concentrated) flow pattern of the four. The graphic marker

and DICE countdown formats (with the least vectors per aircraft and most vectoring precision) have the most

concentrated dump flow pattern of the formats in figure 22.
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5.2.3. Vectoring Comparisonfor 170-and 210-Knot Pattern-SpeedProcedures

Fromfigure20(b),both themanualand thecenterlineslot markerformatsappearto havefewermean
vectorsper aircraft in the 210-knotprocedurethan in the 170-knotpattern-speedprocedure.A two-factor
(pattern-speedprocedure,displayformat)repeatedmeasureanalysisyieldeda P value of 0.0026 for pattern-

speed effect. The results arc presented of paired contrast performed to determine whether the measured

differences in format, mean vectors per aircraft, between tile two pattern-speed procedures were significant:

ftl70MAN > /t210MAN

¢tl70CSM > P210CSM

Pl70DICE not 2> #210DICE

/tl70G M not > P210GM

at 0.002 level of significance (99.8 percent confidence)

at 0.006 level of significance i99.4 percent confidence)

cannot reject null hypothesis (at 0.05 level of significance)

cannot reject null hypothesis (at 0.05 level of significance)

With high confidence (99.8 percent) we can say that tile 210-knot pattern-speed procedure reduced the

manual format vectors per aircraft relative to the corresponding 170-knot procedure. With high confidence

(99.4 percent), we can make the same claim for the 210-knot procedure centerline slot marker format relative

to the corresponding 170-knot procedure. However, as might be expected, there was no statistically significant

difference between the 210-knot pattern-speed procedure and that of the 170-knot procedure for either the

DICE countdown or graphic marker format.

No difference between the pattern-speed procedures was expected for the DICE and graphic formats because

the suggested turn location and heading were based on the same classic squared approach pattern (downwind

parallel to final and base perpendicular to final) in all cases. However, the fewer vectors in the 210-knot

procedure than in the 170-knot procedure for both the manual and centerline slot marker formats was not

expected. Apparently tile additional separation fine-tuning control available in tile 210-knot pattern-speed

procedure, from selecting the point of speed reduction, eliminated the need for some separation adjustment

vectors. For both the manual and centerline slot marker formats, there was an approximate 16-percent reduction

in the mean vectors per aircraft in going from the 170-knot to the 210-knot pattern-speed procedure.

5.2.4. FASA Learning Effect on Number of Vectors Issued

Debriefing discussions and controller comments suggested a learning or training effect after operating with

the graphic marker and DICE countdown formats. After using the direct automation aids (graphic and DICE

formats), there seemed to be a tendency among subject controllers toward using more squared downwind/base

vectors (classic trombone pattern) rather than intermediate vectors (cutting corners) in subsequent manual and

eenterline slot marker runs. Recall from section 4.3, the manual format was always the first format tested in

both pattern-speed procedure series. The purpose of appendix D is to determine whether the previous vectors

per aircraft conclusions are voided if this learning effect existed. V(c asserted that the comparisons and trends

arc correct, and if anything, the "true" mean vectors per aircraft for the manual and centerline slot marker

formats arc somewhat higher than those shown in figure 20(b).

The result of the appendix D analysis supports the assertion that the subject controllers did change the

mean number of vectors per aircraft issued, for both the manual and centerline slot marker format, after being

exposed to the direct automation aid graphic marker and DICE countdown formats. This change was a mean

reduction of about 0.4 vector/aircraft for the manual forlnat and about 0.3 vector/aircraft for the eenterline

slot marker format. In addition, the analysis reinforced that all earlier mean trend comparisons were valid,

particularly that the graphic marker and DICE countdown formats had significantly fewer mean vectors per

aircraft than either the manual or centerline slot marker formats. In fact, the differences are likely larger

than shown in figure 20(b). Appendix D showed that the mean vectors per aircraft for both the manual and

centerline slot marker formats in figure 20(b) are likely underestimated by approximately 0.2 vector/aircraft.
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5.3. Response Time of Subject Controllers to Direct FASA Aids

Thecontrollerresponsetimeto the directaid categoryFASA'sis definedasthe differencebetweenthe
idealmessagedeliverytime indicatedby the FASAand the actualmessagedeliverytime. By definition
(section3.1.3),thiscanonlyapplyto direct'categoryFASA'swhichhavebothaspecificadvisoryanddesired
deliverytime.IndirectcategoryFASA's,whichonlyindicatethedesiredendgoal,cannothavearesponsetime
asdefined.With this in mind,responsetimedatawcrccollectedonthesubjectcontrollerswhenusingthetwo
directcategoryFASA'stested,thegraphicmarkerandtileDICEcountdownformats.Dataweretakenonthe
base-to-finalturn of both the 170-and210-knotpattern-speedproceduresandthe nominal210-to 170-knot
speedreductionof the210-knotpattern-speedprocedure.

Whenconsideringaircraft-pairseparation,thevariationorspreadincontrollerresponsetimeto aFASAaid
is muchmoreof interestthanthebias.Forexample,if twoaircraftarcboth turnedlateby thesameamount
(i.e.,aconstantbiasin theresponsetime),separationwill bepreservedif all factorsareconstant.Figures23
through26plot theresponsetimedatagathered.Theactualmessagedeliverytimedatawereobtainedfromthe
finalcontroller'scoordinatoractivatinga timing buttonwhenhearingthecontrollerissuea headingor speed
reductioncommand.This processcontributeda smallamountof imprecisionto the measuredcontroller's
timeof delivery.However,postcxperimenttestindicatedtheclocker's(humanactivatingthetimer)standard
deviationwasroughlya third or lessthat of the controller'sresponsetiine. Thus,the standarddeviations
measuredarea closeapproximation(onlyoverestimatedby about5percent)to actualcontrollerperformance.

Theresponsetimeperformance,betweenthe 170-knotandthe210-knotpattern-speedprocedures,for the
graphicmarkerfinal-turnadvisory,wereahnostthesame.Consequently,resultsfromboth speedprocedures
werecombinedto estimatecontroller'sresponseto the turn advisorieswith the graphicmarkerformatas
shownin figure23.Thesamesituationcxiste(tfor theDICEformatcase.Therefore,figure24representsthe
combined170-knotand210-knotproceduresresponsetimesto theDICEformat'sfinalturnadvisory.It should
bepointedout that thedatain figures23through26arenot a straightcombinationof all controllerresults.
Becauseof thedifferencein themeanresponsetimesamongsubjectcontrollers,asimplecombinationof the
subjectsdatawouldresultin anunrepresentativepictureof thecontrollers'responsetimescatteror standard
deviation.As a result,eachsubjectcontroller'sresponsedatawerenormalizedto themeanof thecombined
samplesuchthat deviationsfromeachsubject'smeanwereplottedmsdeviationsfromthecombinedsample
mean.

The results are presented of one-sided statistical F tests performed to determine whether there was statistical

significance to the differences in measured response time standard deviation between the graphic marker and

the DICE countdown formats:

Comparison of graphic/DICE final-turn-advisory response time:

cr2GM> aDICE2 at 0.00003 level of significance (99.997 percent confidence)

Comparison of graphic/DICE final-speed-reduction-advisory response time:

2
aDICE > O'2M at 0.02 level of significance (98 percent confidence)

With very high statistical confidence (99.997 percent), we can say that the standard deviation of the

controllers' response times to the turn advisories of the DICE countdown format (3.3 sec) was less than that

to the graphic marker turn advisories (3.7 see). Recalling the results from section 5.1 as:

Standard deviation of 170-knot pattern-speed procedure interarrival error:

Graphic marker 14.7 sec

DICE countdown 13.9 scc
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Standarddeviationof 210-knotpattern-speedprocedureinterarrivalerror:
Graphicmarker 9.4sec
DICEcountdown 8.2sec

Thestatisticallydistinctdifferencein standarddeviaionof turn advisoryresponsetime, thoughnumerically
small,appearsto accountfor the slightseparationprecisionadvantagemeasuredfor the DICE countdown
format.

With 98percentconfidence,wecansaythat thestandarddeviationof thecontrollers'responsetimesto
thespeedadvisoriesof thegraphicmarkerformat(4.1scc)waslessthanthat to theDICEcountdownformat
(4.5scc).Thecomparativeoutcomeis rcvcrsedfromthat obtainedfor theturn advisories.Webelievethe
dynamicsof theDICEspeedadvisorcountdownwasthecauseof thisreversal.Asdiscussedin sections3.2.3
andA.3, the DICE speedadvisorcountdown rate changed slowly (approximately 1 count change for every

4 scc). This pace did not tend to hold the controllers' attention as did the more rapid DICE turn advisor

countdown. Thus, the controllers' response time scatter (standard deviation) for the DICE speed advisor was

not only greater than that for the DICE turn advisor but also greater than that for the graphic marker speed
advisor.

5.4. Evaluation of Lookpoint Data

The oculometer system basically measures and

records where the subject is looking; thus it indicates
what is being looked at and how long any single fixa-

tion lasts. This doesn't necessarily identify what the

controller is thinking. However, eye-tracking data

are objective and cannot be reliably acquired from
another type of source, certainly not from interrogat-

ing the subject himself. By summing fixation times

over particular objects (such as the aircraft position

symbols, data blocks), an understanding of the scan
pattern develops. Likewise, summing over areas of

the display (zones) demonstrates that the scan is not

uniformly distributed along the nominal routes. For
example, figures 27 (manual) and 28 (CSM) are look-

point scatter diagrams of two of the 96 test runs.

They each show the position of about 6000 lookpoints
or fixations. During a 70-min test, the subject is fix-

ating and being recorded by the oculomcter about

85 percent of the time. Comparing figures 27 and 28
(lookpoints) with figures 21 and 22, which show air-

craft positions, the nonuniformity of thc scan distri-

bution along the pattern routes is evident. The final

controllers looked more frequently along the final-
approach course and the base legs. Also, notice in

figure 28 (CSM) the fixations along the extension of

the final approach where the slot markers appear.

We examined three measures of lookpoint behav-

ior as a function of the tested display formats. The
first measure was the amount of time the oculometer

had the subject in track which was treated ms fol-

lows: as a percentage of test time, as a percentage

of time divided among display object types, or as a

percentage of time divided among regions of the con-

troller's display. The second measure was average fix-

ation time duration by display object type. Tile third
measure was number of cross-check scans which indi-

cated the number of uninterrupted fixations alternat-

ing between two display objects. Cross-check scans
are further defined in section E.6. Appendix E also

contains more information on the oculomcter system,

lookpoint analysis, and related data files.

In the following sections for each lookpoint mea-

sure, a single-factor (display format) repeated mea-
sure analysis of variance was performed for each

pattern-speed procedure to determine whether the

display format differences in the particular lookpoint

measure were statistically meaningful at level of sig-
nificance of 0.05 (95 percent confidence level). If

significant, then a Fisher PLSD post hoc, paired
contrast test was performed to determine which

paired differences were significant. Also a two-factor

(pattern-speed procedure, display format) repeated

measure analysis of variance was performed to deter-
mine whether there were statistically meaningflfl dif-

ferences in the particular lookpoint measure between

the two speed procedures. The numerical values ob-
tained from the above test are presented in the final

section of the lookpoint discussion (sec. 5.4.7).

5.4.1. Oculometer In-Track Time as

Percent of Total Test Time

During the experiments, the controllers had some

discretion as to when to monitor the display and

could spend part of the time looking away from the
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displaywhile talkingcasuallywith the feedercon-
troller or coordinator.For the oculometerin-track
time measurement,the workinghypothesisrelative
to taskdifficultyis asfollows:themoredifficult the
task, the higherthe in-tracktime is beca_lsethere
is lessdiscretionaryor sparetimeto lookawayfrom
tile display.Theanalysisin thissectionusesthisap-
parentbehaviorpatternto differentiatebetweenthe
displayformats.

The datain figure29arethe timethe subject's
eyewasbeingtrackedby the oculometcrasa per-
centof total testtime. Thefigurepresentsthemean
of the 12subjectsfor eachof the four displayfor-
matsandfor eachof thetwopatternspeeds,atotal
of 96 runsof 70min each. At the 210-knotpat-
ternspeed,therewerenostatisticallysignificantdif-
ferencesamongthe four formats. At the 170-knot
patternspeed,thegraphicformatrequireda statis-
tically significant,lowerpercentageof attentionor
viewingtimethaneitherthemanualorcenterlineslot
markerformat. Thepercentageof in-tracktime for
theDICEformatwast_etweenthat ofthegraphicand
thecenterlineslotmarkerandwasnot statistically
significantlydifferentfromeither.Thiscloselyagrees
with theTLX workloadresultsof section5.5.2.Also
of interest,the data showthat the subjectsspent
about80percentof thetestrunslookingat theradar
display.Or put anotherway,the discretionarytime
ontheaveragewasabout20percent.

Thedifferencesin the in-tracktimeasa percent
of total run time betweenthe 170-and 210-knot
pattern-speedprocedureswerenot statisticallysig-
nificantat the 0.05level. The resultwasthat the
null hypothesis(in-tracktime asa percentof total
run time for tile two speedproceduresareequal)
could not be rejectedat the 0.05levelof signifi-
cance.Therefore,the 210-knotpattern-speedpro-
ceduredid notaffectin-tracktimeascomparedwith
the 170-knotprocedure.

5.4.2. In-Track Time by Display Object
Type

A discussionof howmuchof the total test time
wasspentlookingat theradardisplaywaspresented
in section5.4.1. Nowwcwill addressthe question
of howthe subjectbudgetsin-tracktimesoverthe
variousobjectson thedisplayandhow,if at all, the
displayformatsinfluencethis lookpointpattern. In-
tracktimesfor variousdisplayobjectsarepresented
in figure30. Section5.4.3addresseshowthe total
in-tracktimeis budgetedamongdisplayzones,and
section5.4.5examinestheaveragelengthof individ-
ual fixationsbrokendownby typeof displayobject
andtest treatment.
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Thefourprincipaldisplayobjecttypeschosenfor
this analysisarc the data block,the aircraftposi-
tionsymbol,the FASA,andthe combinationof the
aircraftpositionsymbolandFASA.Thefirst twoof
theseexist for all formats. For the 170-knotpro-
ccdureGM runs, the FASAwasthe turn marker,
whereasfor the 210-pattern-speedprocedure,the
GM FASAalsoincludedthe speedreductionadvi-
sor. For the CSM tests the FASA was the circle

which enclosed an aircraft call sign moving along

the extended runway centerline. For tile DICE runs,
we defined the FASA to be the data block whenever

the DICE countdown was proceeding whether for a

turn or a speed change. If the subject looked at the
data block for some other reason such as to obtain

the aircraft identification while the countdown was

proceeding, it was still counted as a fixation on the
DICE FASA. The reason was that the oculometer

position resolution did not allow the determination
of what the subject is looking at within the data

block; this introduced an ambiguity and resulted
in fixations that should have been assigned to the

data block being assigned to the FASA during DICE

countdown. A similar problem was caused by the

close proximity of the data block and aircraft posi-

tion symbol. On formats other than DICE, errors
due to assigning fixations to aircraft position sym-
bols rather than to data blocks and vice versa tend

to cancel one another. On the DICE format, how-

ever, because of the position of the countdown in
the last line of the data block, a bias toward over-

assigning fixations to the aircraft position symbol oc-
curred. The fourth principal display object type, the

combination, only applies to the GM and CSM for-
mats. For these formats when the aircraft position

symbol got very close to tile FASA (within 0.57 in.),
we chose to assign the fixation to this combination

rather than assign the fixation to the closer object of

the two. Data are presented separately in the tablu-

lation of figure 30(a), but in the graph (fig. 30(b))
the combination data are stacked above either the

GM or CSM FASA as appropriate.

From 6 to 8 percent of the time, a display ob-

ject could not be found within the required 0.57-in.

proximity to the fixation point. These occurrences
were tabulated in a no-identification (NO-ID) cate-

gory, which was assumed to be a measurement de-

ficiency until looked into further. \re had expected
to find these fixations clustered around some object

that had been inadvertently omitted from our list of

possible display objects. However, a scatter plot of

these points shows a fairly random position distribu-
tion across the controller's display. In addition, the

average length (section 5.4.5) of a given fixation in



thiscategorywas,in astatisticalsense,significantly
shorterthan thoseassociatedwith a knowndisplay
object.Therefore,weconcludethat theseunattached
fixationsarepartofnormalscanbehaviorandarein-
cludedin thetabulation(fig.30(a))forcompleteness.
Theymayindicatefixationswhile thinking. Other
displayobjecttypes(suchaslines,navaids,or the
arrivalaircraftsequencelist) arenot discussedhere
andarenot plottedin figure30(b),but theyarein-
cludedin acategorycalled"other"in thetabulation
(fig.30(a)).

5.4.2.1.In-TrackTimebyDisplayObjectfor
170-KnotPattern-Speed Procedure

From figure 30(b), we see time spent on the data
block for the 170-knot pattern-speed procedure was

about equal for the three FASA's (,_ 37 percent) and,

in a statistical sense, was significantly less than the
manual format (_46 percent). For the aircraft po-

sition symbol fixations (A/C), the GM and CSM

were about equivalent (_22 percent) and were, in

a statistical sense, significantly less than the man-

ual and DICE which are about equivalent (_ 34 per-
cent). However, recall tile value of the DICE A/C

position was biased, with the consequences to the

data as explained subsequently. For fixations on the

FASA or FASA & A/C combination, the GM and
CSM are about equivalent (_26 percent) and, in a

statistical sense, both were significantly greater than

the DICE (_20 percent). However, the DICE FASA
value could have been somewhat biased. Notice that

the majority of time spent on the FASA for both
GM and CSM was spent on the combination cate-

gory, that is, when the aircraft position symbol was

very close to the FASA. Because of oculometer reso-
lution limitation described earlier in this section, the
authors believe that for the DICE format some of

the A/C position symbol fixations should have been
shifted to the FASA and some of the FASA shifted

to the data block. This would have tended to further

level out the differences between the three FASA's

for the data block category, reducing the DICE air-

craft position percentage; thus, the net effect on the

DICE FASA percentage was uncertain.

Even though the measure of the fixation time
among display objects did not clearly discriminate

among FASA formats, overall there was a reduction

of approximately 8 percent in the in-track time spent
on tile data block of the three FASA formats as

compared with the manual format. Similarly, there

was a reduction of approximately 13 percent of in-
track time spent on the isolated aircraft positions;

this accounted for most of the about 25 percent

of in-track time spent on the FASA's. Clearly the

FASA formats have altered the scan pattern of the
subjects from the manual format. This was to be

expected since time spent looking at a FASA must be

taken from objects normally appearing in the manual
format.

5.4.2.2. In-Track Time by Display Object for

210-Knot Pattern-Speed Procedure

From the graph in figure 30(b), it is apparent

that the FASA display formats have altered the scan

pattern of the subjects from the manual format.
Average percent of in-track time spent on data blocks

was about equal for the GM and CSM (_ 33 percent)

and was, in a statistical sense, significantly less than

the manual format (_48 perccnt). Time spent on the
data block during DICE tests was, in a statistical

sense, significantly lower (_26 percent) than tile
other three formats, but the measurement system

tended to bias it low. For the aircraft position

symbol fixations, the manual (_33 percent) was

about equivalent to the DICE (_32 percent) and
both were, in a statistical sense, significantly higher

than the CSM (_23 percent), which was in turn

significantly higher than the GM (_18 percent).

However, like the 170-knot case, the DICE A/C
position value was biased too high. For fixations

on the FASA or FASA & A/C combination, the

DICE and CSM were about equivalent (_ 29 percent)
and both less than the GM (._34 percent). Notice

that the majority of time spent on the FASA for

both GM and CSM was spent on the combination

category, that is, when the aircraft position symbol
is very close to the FASA. As explained earlier,

due to oculometer resolution limitation, the authors
believe that for the DICE format some of the aircraft

position symbol fixations should have been shifted

to the FASA and somc of_the FASA to the data
block. This shifting would have tended to further
level out the differences between the three FASA's

for the data block category, and reduced the DICE

aircraft position percentage; thus, the net effect on

the DICE FASA percentage was uncertain.

Even though the measure of tile fixation time

among display objects did not clearly discriminate

among FASA formats, overall there was a reduction

of approximately 15 percent in the in-track time
spent on the data block of the three FASA formats as

compared with the manual format. Similarly, there

was a reduction of approximately 13 percent in the
in-track time spent on the isolated aircraft positions.

This accounted for most of the about 31 percent of in-

track time spent on the FASA's. As was true for the

170-knot procedure, the 210-knot procedure FASA
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formatshavealteredthescanpatternofthesubjects
fromthemanualformat.

5.4.2.3.Comparisonof DisplayObjectIn-Track
Timefor 170-and210-KnotPattern-Speed
Procedures

Nosignificantdifferencewasfoundin thetotal in-
tracktimespenton the aircraftpositionsymbolsof
the170-knotandthe210-knotprocedure.However,
thepatternspeedwasasignificantfactorforthedata
block(a = 0.0i), for tile FASA(a = 0.001),andfor
the aircraftpositionsymbolandFASAcombination
(a = 0.02).Forthehigherpatternspeed,moretime
wasshiftedto tile FASA'sfromtheaircraftposition
symbolsand datablocks.For the DICE andGM,
the simpleexplanationwasthat the addedspeed
advisorymeansthat theFASAwasencounteredone
moretimeperarrival. Forthe CSM,theeffectwas
lesspronouncedandcamefromusingthe aircraft's
proximityto the slot markerasa cueto reduceto
thelowerpatternspeed(170knots).

5.4.3. In-Track Time by Display Zones

In this sectionweexaminehowthesubjectsbud-
get theirfixationtimeovertheentireareaoftile dis-
play.In section5.4.1,thesubjectswerefixatedonthe
displayonanaverageof about80percentofthetest
time. In section5.4.2,this timewasdividedamong
the specificdisplayobjecttypes. Thefocushereis
onwherethesubjectis lookingratherthanat what.
Thefinalcontroller'sPPIdisplayis illustratedin fig-
urcs12and 13(b). For analysispurposesthe final
sectordisplaywasdividedinto fourzones:

1. Final-approachleg

2. Baselegs

3. Downwindlegs

4. Everythingelse

Figure31isagraphicalrepresentationofthesezones.
Note that the zonesarenot strict areasbut are
definedby a combinationof the TIMER approach
phasestatus(section4.1.2)andthe heading.For
instance,the baseleg wasdefinedto be within a
rangeof headingsrelativeto the nominalbaselcg
(perpendicularto final course)and couldbe at a
differentlocationfor eachaircraft.

Figures21and22showedthat theaircraftposi-
tionsymbolswcrcdistributedoverthedisplaymore
or lessuniformlyalongthe nominalpatternpaths.
However,as discussedearlier,the scatterplots of
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fixations(figs.27and 28) indicatedthe controller
fixationswerenotcorrespondinglyuniformlydistrib-
uted. Dataof in-tracktimebydisplayzoneverified
thoseobservations.Onlyabout4 percentof thecon-
troller'stimeis spentin zone4,whereasbetween76
and82percentof their timeis spentin zone1or 2.
Thissectionisconcernedwithdescribingthescanbe-
haviorofthesubjectsreferencedto zonesandshow-
ing how,if at all, thevariousdisplayformatsinflu-
encethisbehavior.Figure32is a plot of controller
meansfortherelativeamountof in-tracktimespent
in eachzonefor thefour displayformatsandboth
patternspeeds.

5.4.3.1.In-TrackTimeby Zonefor 170-Knot
Pattern-SpeedProcedure

Fromfignlre32,signifi(:antly(asusedin this sec-
tion, in a statisticalsense)moretime wasspent
observingthe final approachduringthe CSMtests
(_57 percent)thanwasspentobservingthis area
for the otherthreeformattests. The manualfor-
mat (_51 percent)wasthe secondhighestand it
wassignificantlyhigherthan GM andDICE which
wereaboutequal(_44 percent).Forthebaselegs,
thesituationwasreversedwithGMandDICEabout
equal(_33percent)andsignificantlyhigherthanthe
manualandthe CSM(_26 perccnt).Forthedown-
wind legs,GM and DICE wereagainaboutequal
(_ 13percent)andsignificantlyhigherthantheman-
ual (_10 percent),whichwasin turn significantly
higherthanCSM(_ 8percent).FortheCSM,thefo-
cusonthespatialrelationbetweentheaircraftposi-
tionmarkerandtheslotmarkerincreasedtheobser-
vationintensityalongthefinal,whereasfor theGM
andDICE,the focuswason thebaselegsor down-
wind legswherethe FASA'sweredisplayed.This
sameeffectcouldalsobeseenfor the210-knotpat-
tern speed.For the manualformat,the controller
wasconcentratingonseparationandspeedalongthe
final-approachcourse.The subjecttendedto mon-
itor the data blockfor aircraftdecelerations,con-
cernedthat the aircraftwill closeon theoneahead.
Whenusingthe FASA's,especiallythe DICE and
GM, thecontrollertendedto usetheFASAto turn
theaircraftratherthanusingtherelativcpositionof
theaircraftaheadonthefinal. This favoredzones2
and3overzone1. With theFASA,somecontrollers
assumedthat separationandspeedon the final ap-
proachwouldbe takencareof withoutintervention.
DuringCSMruns, the controllerswereencouraged
to maketheturn to baselegfromthedownwindleg
basedonprecedingtrafficratherthankeyingon the
slotmarker.



5.4.3.2.In-TrackTimeby Zonefor 210-Knot
Pattern-SpeedProcedure

Fromfigure32,qualitativelythe 210-knotdata
lookverymuchlikethe 170-knotdata.Significantly
(in a statistical sense) more time (_61 percent)

was spent on the fnal approach during the CSM

tests than during the other three format tests. The

manual format was the second highest (_57 percent)
and was significantly higher than GM and DICE,

which were about equal (_50 percent). For the base

legs, the situation was reversed with the GM and

DICE about equal (_28 percent) and significantly
higher than the manual and the CSM (_-21 percent).

On the downwind legs, GM and DICE were again

about equal (_ 11 percent) and significantly higher

than the manual and CSM (_8 percent). For the
CSM, there was an increase in observation around

the turn onto tile final approach, wtmrcas for the

GM and DICE, activity had shifted to the base legs
and downwind legs. The effect was stronger in the

210-knot procedure than in the 170-knot procedure.

5.4.3.3. Zone In-Track Time Comparison of 170-

and 210-Knot Pattern-Speed Procedures

The pattern speed is a significant factor in zone 1

(a = 0.001), zone 2 (a = 0.0002), and in zone 3

(a --- 0.02). The 170- and 210-knot pattern speeds
appear similar qualitatively, but there is a definite

shift toward the final approach and away from the

base legs and downwind tcgs with the 210-knot pro-

cedure. The 210-knot procedure speed reduction on
final seems to account for the attention shift.

5.4.4. In-Track Time Inside

Final-Approach Fix

The final-approach fix (FAF) is shown in figures 1

and 31. The amount of controller monitoring inside

the FAF is critical because of both the separation
compression that normally occurs in the vicinity of
the outer marker as well as the differences in individ-

ual aircraft speeds on final approach. The concern

was that aircraft separation monitoring inside the
FAF might decrease as a result of the automation.

Figure 33(a) gives the subject controllers' time spent

inside the FAF, as percentages of their in-track time,

for the various test conditions. Figure 33(b) shows
the mean for all subjects combined. The findings in-

dicate a significant reduction in the monitoring with
the centerline slot lnarker format; this is particularly
relevant when one recalls that the CSM had the worst

delivery precision of the FASA's (section 5.1). From

controller comments (section 5.5.1) and workload

analysis (section 5.5.2), the CSM reduction in mon-

itoring relative to the GM and the DICE seems to

be because of the difficulty and workload of initially
separating aircraft on final with CSM.

The 12 subjects spent significantly less time

(fig. 33) looking at aircraft positions or data blocks
inside the final-approach fix during the CSM sessions

than during any of the other three formats. For the

170-knot pattern-speed procedure, the percentage of
in-track time for the manual, DICE, and GM were

about equivalent (7 percent) and were significantly

higher than the CSM (3.5 percent). For the 210-knot

pattern-speed procedure, the manual tests had the
highest percentage (11.2 percent) of time spent in

this area of the display. The percentage of in-track
time for the DICE and GM were about equivalent

(8 percent) and were significantly lower than the
manual and higher than the CSM (4 percent).

As a group, the 210-knot pat tern-speed procedure

did not affect the percentages of in-track time spent
inside the FAF as compared with the 170-knot pro-

cedure. However, as can be seen from a comparison

of the manual format at the two speeds in figure 33,
a notable difference occurs between those two means.

A likely explanation for the significantly different fix-
ation time spent inside the final-approach fix for the
210-knot manual case was that additional time was

devoted to monitoring aircraft pairs when the fol-

lowing aircraft was issued a speed reduction. Partic-
ularly close scrutiny was given to this situation while

the following aircraft was decelerating, during which

time, in many instances, the lead aircraft had passed
the final-approach fix.

5.4.5. Mean Dwell Times by Display

Object Type

Longer average dwell times can be indicative of
either more information being transferred or, for the

same amount of information, a slower information

transfer process. For the results presented in this

section, the mean dwell time for a display object

type (for a given subject) was averaged over the test.
The composite controller means are broken down

by display object type, FASA display fornmt, and

pattern speed and are presented in figure 34.

A previous section (5.4.2) presented a discussion

of the total in-track time by display object types
and of some biases in the data collection process.

The assertion was that because of the bias, some

of the DICE FASA fixations probably belonged to

the data block category which would tend to even
out the effect of the FASA, that is, to increase the

shorter amount of in-track time spent on the normal
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datablockanddecreasethelongeramountofin-track
timespentontheDICEcountdownaid.However,in
thepresentsection,thesamebiashastheopposite
effect. Removingthe shorter,misallocated,dwell
timesfromthecomputationoftheDICEFA:SAmean
wouldmakethemeandwelltime (whilethe FASA
wasactive)evenlongerthanshown,that is, would
amplifyfurther theeffectsof theDICEFASA.

5.4.5.1.MeanDwellTimeby DisplayObjectfor
170-KnotPattern-SpeedProcedure

The meandwell timesfor tile datablock were
aboutequalforthemanualandGM(0.7sec),slightly
higherfor the CSM(0.8see),andbarelylowerfor
theDICE (0.65see).Forthe A/C positionsymbol
fixationsthe manual,GM, and DICE wereabout
equivalent(0.7sec)andweresignificantlylessthan
the CSM (0.8see). For fixationson the FASA,
the GM andCSMwercabout equivalent(0.7sec)
and both weresignificantlyshorterthan the DICE
(1.3sec). For the combinationcategory (when the

A/C position symbol is very close to the FASA), the
GM and CSM were about equivalent (1.0 sec). The

most prominent feature of figure 34(b) is that the

longest dwell times were associated with the FASA
in the DICE format when the countdown is active

even though the estimates presented are conservative

due to the bias already discussed. The next longest
dwell times wcrc associated with the combination

of aircraft position symbol and FASA for the GM

and CSM which occur when the FASA and A/C are

in close proximity at turn points. Dwell times on
the data block were very long when the DICE was

active. They were longer than dwell times for the

graphic marker or slot marker taken by themselves or
when combined with the aircraft in close proximity.

Since the mean DICE dwell time was computed for

fixations closc to the time to turn as well as earlier,

perhaps a better measure would bc to compare the
DICE FASA average with the weighted average of the

two object categories, FASA and FASA gc A/C for

both graphic and slot marker. This measure resulted

in the 1.26 sec for the DICE being compared with
0.92 sec for the GM and 0.80 sec for tile CSM. Clearly

the DICE mean dwell times are considerably longer.

Another general point of interest was the active,

constantly darting nature of the controller's scan,
which was seen on video tapes of the controller's dis-

play with the lookpoint electronically superimposed.

Even when a turn was nearing, the controller's look-

point did not stay focused on the FASA but darted
to other traffic and then returned to the FASA only

slightly before the indicated turn issue time. For
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example, the graphic marker FASA & A/C combi-

nation mean dwell time was only about 1 scc even

though that category denotes an impending turn.

This means that on the average, the lookpoint re-
mained focused on the graphic turn FASA &: A/C

combination for no longer than a second and then

darted to another object. This constant motion

scanning behavior was observed for all formats and
pattern-speed procedures.

5.4.5.2. Mean Dwell Time by Display Object for

210-Knot Pattern-Speed Procedure

The mean dwell times for the data block was

about equal for the manual, CM, and DICE (0.7 sec)

and slightly higher for the CSM case (0.8 see). For
the aircraft position symbol fixations, the manual

and GM were about equivalent (0.7 sec) and were

significantly less than the DICE (0.8 see) and CSM

(0.9 see). For fixations on the FASA, the GM and
CSM were about equivalent (0.7 see) and both were

significantly shorter than the DICE (1.3 sec). For

the combination category (when the A/C position
symbol is very close to the aid), the GM (1.0 sec)

was significantly lower than the CSM (1.3 see).

Dwell times on the data block when the DICE

was activc werc very long. They were longer than

dwell times for the graphic marker or slot marker
taken by themselves and longer than the FASA &

A/C combination for tile graphic marker. They were

about equivalent for the FASA & A/C combination

for the slot marker. However, by using the approach
discussed for the 170-knot procedure, when the DICE

was compared with tile weighted average of the two

object categories, FASA and FASA & A/C, for both

graphic and slot marker, this measure resulted ill the
1.26 see for the DICE as compared with 0.85 sec for

the graphic marker and 0.94 see for the slot. The

DICE format clearly stands out as having the longest

average dwell times.

5.4.5.3. Comparison of Mean Dwell Time by

Display Object for 170- and 210-Knot
Pattern-Speed Procedures

The pattern speed was a significant factor for data

block (a = 0.02), aircraft position symbol (ct = 0.01),
and for the FASA and aircraft position symbol com-

bination (a = 0.02). These effects were mainly due

to the increase in fixation times during the CSM

tests. The greatest difference between the two pat-
tern speeds was in the FASA and aircraft position

symbol combination for the CSM case. This very sig-

nificant increase (from 1 to 1.3 scc) at the 210-knot
speed was probably due to the subject using the slot
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marker to help make a judgment on when to slow the
aircraft. Notice that at both speeds the NO-ID phe-

nomenon, as discussed in section 5.4.2, stands out for

having short mean dwell times. Also, at either speed,

when the aircraft got close to its FASA, there was a

significant increase in mean dwell time for both thc
GM and CSM.

5.4.5.4. Comparison of DICE and Graphic
Marker Mean Dwell Time

Instrument bias errors discussed earlier tend to r_

duce the measured DICE mean dwell time (true value

longer than plotted). Another factor which had the

opposite effect was the controller's practice of looking

at an aircraft call sign just before issuing control in-
structions. After the final focus on the graphic turn-

FASA/aircraft combination before issuing the turn,
it was normal for the controller to look up to the

data block for the aircraft call sign. Because of in-

strument resolution limitation, when a similar scan

sequence occurred with the DICE format, thc time

spent on the aircraft call sign in the data block was

credited as part of the DICE dwell time. Thus, the
measured dwell time for the final DICE focus only

during each countdown was inflated. The opposing
bias factors created a slight uncertainty in the value
of the DICE mean dwell time; thus, relative to tlle

simple hypothesis, in a strict statistical sense, we can-
not make quite as strong a conclusion as that so very

strongly indicated by the average dwell time data
values.

The starting hypothesis about dwell time was

that longer mean dwell times are indicative of either
more information being transferred or, for the same
amount of information, a slower information transfer

process. The graphic marker and DICE appear
to provide equivalent information but in different

form. If the hypothesis is accepted, the fact that the
mean dwell times were longer for fixations using the

DICE countdown than the graphic marker suggests
a more efficient information transfer process for the

graphic marker format. Intuitively, there seems to be
some truth to that conclusion particularly because

controllers are accustomed to using position data

on their display to make decisions. It is tempting

to reason that a pictorial representation is easier
to assimilate than digital information depicting the

same situation. At a glance the graphic marker

indicates distance remaining before a turn, whereas

with a countdown (particularly a DICE countdown)
there could be a tendency to linger momentarily

to get a sense of the countdown rate for the same
information.

5.4.6. Cross-Check Scans by Zone Pairs

Cross-check scans (CCS) indicate the number of

uninterrupted dwell points alternating between two

display objects and are also discussed in section E.6.
For a pair of display objects A and B, the lookpoint

sequence A-B is counted as a CCS of order 2, the

sequence A-B-A is counted as a CCS of order 3,
A-B-A-B is of order 4, and so forth. For the zones

defined in section 5.4.3, a cross-check scan between

two zones is simply a cross-check between two objects
located in each of the zones. For analysis purposes

three redundant groups of zone pairs were selected

to emphasize the role of the three major zones: final-
approach leg, base legs, and downwind legs. The

zone pairs are nondirectional (i.e., Z1/Z2 = Z2/Z1).

Each group contains the sum of three zone pairs as
follows:

Z1/All = Z1/Z1 + Z1/Z2 + Z1/Z3

Z2/All = Z2/Z1 + Z2/Z2 + Z2/Z3

Z3/All = za/z1 + Z3/Z2 + za/z3 (5)

Figures 35(a) and (b) contain the number of cross-
check scans, of order four or greater, per run for the

three groups of zone pairs, broken down by subject
controller and display format. Figure 35(c) graphs

the mean cross-scans for the 12 subjects. Each point

on the plot represents the average of 12 70-min trials

for the indicated pattern speed and display format.

For the controllcr, cross-check scans consist of se-

quentially examining relative positions of aircraft to
other aircraft, as well as aircraft to geographical (or

other significant) points on the display. The nor-
mal purpose of cross-checking is to either perform
some control action or to monitor separation. The

hypothesis was that a reduction in the number of
cross-checks primarily indicated a reduction in the

amount of ;omparison or judgment required to prop-

erly time a control action if the amount of monitor-

ing is assumed to be relatively constant. According
to this hypothesis, the results indicate a significant

graphic marker advantage relative to the amount of

position comparisons performed.

Most of the cross-check scanning involves check-

ing positions along the final-approach course or, to
a lesser degree, along the base legs, this agrees with

the other eye scanning measurements and seems to

indicate the priorities of controllers. On the down-

wind legs at both speeds, the average CCS's for GM
and CSM look about equal (13) and less than for the

manual and DICE (19). However, because there are

so few in this group, we hesitate to draw any firm
conclusions.
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5.4.6.1.Cross-CheckScansby ZonePairsfor
170-KnotPattern-SpeedProcedure

At the170-knotpattern-speedprocedureonboth
thefinal-approachandbaselegs(zones1and2), the
graphicmarkerhassignificantlyloweraverageCCS's

than do the other three formats (fig. 35(c)). Also, the

DICE and CSM are about equal and arc significantly
less than the manual. Therefore, the data indicate

that on the critical base legs and final-approach leg,

the manual is associated with the highest average

CCS's, the graphic with the lowest average and the
other two formats are in between.

5.4.6.2. Cross-Check Scans by Zone Pairs for
210-Knot Pattern-Speed Procedure

At the 210-knot pattern-speed procedure on the

final approach, the graphic marker has significantly
lower mean CCS's than do the other three formats

(fig. 35(c)). On tile base legs, the graphic and
CSM are about equal and significantly less than the
manual and DICE. Therefore, the data indicate that

on tile base legs and final-approach leg, the mamlal

is associated with the highest average CCS's, the

graphic with the lowest mean and the other two
formats are in between.

5.4.6.3. Comparison of Cross-Check Scans by
Zone Pair for 170- and 210-Knot Pattern-Speed
Procedures

The pattern speed is a significant factor (a = 0.01)

only in zone 1 (Z1/All). That is, a greater number
of CCS's occurred at the higher pattern speed on

the final approach. This result is consistent with

the added requirement of slowing the aircraft to
170 knots on the final-approach course.

5.4.6.4. Comparison of DICE and Graphic
Marker Cross-Check Scans

Clearly the graphic marker has less CCS's than

the other formats particularly in the Z1/All and

Z2/All comparisons. As was stated in section 5.4.5.4,

the graphic marker and the DICE appears to provide
equivalent information but in different forms. Why
the observed differences in CCS's? When the GM

appears on the display it is immediately apparent

in the subject's parafovcal vision so that the subject
does not have to scan for the occurrence of the event.

However, with the DICE when an aircraft is on the

downwind leg, the parafoveal vision does not clue

the subject that a turn is imminent. Consequently,
subject controllers tended to use one of two distinct

eye-scanning patterns with the DICE FASA.

One scan pattern compares the position of the

aircraft on the downwind leg and final-approach leg
to estinmte when the turn should be issued and

then the subject starts to monitor the countdown
more closely. This DICE scan pattern resembles a

traditional manual scan pattern and tends to have

more aircraft cross-checking relative to the graphic.
The fact that the DICE is nonlinear on the downwind

amplifies this effect. With the GM, the subject has a

better feel for time remaining. The subject can pick

up this information without as much cross-checking.

Tile other scanning pattern for the DICE seems to
consist of scanning the data block searching for the
existence of a DICE countdown. The second pattern

results in more data block cross-checking relative to
DICE.

Since both the DICE eye-scan patterns described

tend to increase DICE CCS's relative to GM, the net

result is that there is more overall cross-checking in
the DICE format than in the GM format. Does use

of the first DICE scan pattern result in maintaining
a better overall traffic picture than use of the sec-

ond DICE scan pattern? Does the graphic format

result in a better traffic picture than either of the

DICE scan patterns? Our data provided no answer
to these two interesting questions or to the more gen-

eral question of whether reliance on a FASA affects
controller traffic awareness.

5.4.7. Summary of Lookpoint Data Statistical Test

This section presents the F-test statistic (F) and the resultant level of significance (P) values from a single-

factor (display format) repeated-measure analysis of variance (ANOVA). The ANOVA was performed, for each

pattern-speed procedure (first table of each measure), to determine whether tile display format differences in

the lookpoint measures were statistically meaningful at a level of significance of 0.05 (95 percent confidence

level). If the ANOVA for a pattern speed indicated significance (P < 0.05), a Fisher PLSD post hoc, paired

contrast test (second table or tables of each men.sure) was then performed for that pattern speed to determine

which paired differences were significant (P < 0.05). In addition, a two-factor (pattern-speed display format)

repeated-measure ANOVA was performed to determine whether there were statistically meaningful differences

in the particular lookpoint measure between the two pattern-speed procedures. These statistical test data arc

presented in the following tables.
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In-Track Time (section 5.4.1 and fig. 29):

_ Format factor

comparison for

170 knots

3.395

0.029

ANOVA results for

Format factor Format and speed

comparison for factors comparison for

210 knots 170 & 210 knots

0.413 2.171

0.744 0.169

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM

0.008

DICE

0.090

0.296

CSM

0.744

0.018

0.165

In-Track Time Spent on Data Block (section 5.4.2 and fig. 30):

ANOVA results for

Format factor Format factor Format and speed

comparison for comparison for factors comparison for

170 knots 210 knots 170 & 210 knots

10.900 24.156 9.838

0.000 0.000 0.010

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM

0.000

DICE CSM

0.000 0.000

0.106 0.968

0.098

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM

0.000

DICE

0.000

0.016

CSM

0.000

0.795

0.008

In-Track Time Spent on Aircraft Positions (section 5.4.2 and fig. 30):

ANOVA results for

Format factor Format factor

comparison for comparison for

170 knots 210 knots

F 18.287 16.942

P 0.000 0.000

Format and speed

factors comparison for

170 & 210 knots

1.683

0.221

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM DICE

0.000 0.136

0.000

CSM

0.000

0.870

0.000

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM

0.000

DICE

0.535

0.000

CSM

0.000

0.045

0.002
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In-TrackTimeSpentonFASA(section5.4.2andfig.30):

Formatfactor
comparisonfor

170knots
F 31.175

P 0.000

ANOVA results for--

Format factor Format and speed

comparison for factors comparison for

210 knots 170 & 210 knots

59.569 61.095

0.000 0.000

Format

GM

DICE

P of Fisher PLSD post hoc for

170-knot format paired contrast

DICE CSM

0.000 0.221

0.000

P of Fisher PLSD post hoc for

210-knot format paired contrast

Format DICE CSM

GM 0.000 0.016

DICE 0.000

In-Track Time Spent on FASA & A/C Combination (section 5.4.2 and fig. 30):

F

P

ANOVA results for--

Format factor Format factor Format and speed

comparison for comparison for factors comparison for

170 knots 210 knots 170 & 210 knots

0.291 0.008 8.809

0.600 0.930 0.013

In-Track Time Spent in Zone 1 (Final-Approach-Course Leg) (section 5.4.3 and fig. 32):

ANOVA results for--

Format factor Format factor

comparison for comparison for

170 knots 210 knots

F 63.019 24.472

P 0.000 0.000

Format and speed

factors comparison for

170 & 210 knots

21.832

0.001

Format

MAN

GM

DICE

32

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM

0.001

DICE

0.000

0.526

CSM

0.002

0.000

0.000

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM

0.000

DICE

0.000

0.199

CSM

0.037

0.000

0.000



In-Track Time Spent in Zone 2 (Base Leg) (section 5.4.3 and fig. 32):

Format

MAN

GM

DICE

Format factor

comparison for

170 knots

F 13.003

P 0.000

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM

0.001

DICE CSM

0.000 0.269

0.773 0.000

0.000

ANOVA results for -

Format factor

comparison for

210 knots

12.067

0.000

Format and speed

factors comparison for

170 & 210 knots

29.715

0.000

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM

0.000

DICE CSM

0.000 0.907

0.919 0.000

0.000

In-Track Time Spent in Zone 3 (Downwind Leg) (section 5.4.3 and fig. 32):

ANOVA results for

Format factor Format factor

comparison for comparison for

170 knots 210 knots

Format and speed

factors comparison for

170 & 210 knots

F 14.260 15.195

P 0.000 0.000

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM DICE

0.015 0.001

0.367

CSM

0.o2o
0.000

0.000

7.554

0.019

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM

0.000

DICE

0.001

0.325

CSM

0.351
0.000

0.000

In-Track Time Inside FAF (section 5.4.4 and fig. 33):

Format

MAN

GM

DICE

Format factor

comparison for

170 knots

F 4.900

P 0.006

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM

0.453

DICE

0.800

0.618

CSM

0.010

0.001

0.005

ANOVA results for

Format factor Format and speed

comparison for factors comparison for

210 knots 170 & 210 knots

18.061 2.724

0.000 0.127

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM

0.013

DICE

0.002

0.451

CSM

0.000

0.000

0.000
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MeanDwellTimeof FixationsonDataBlock(section5.4.5andfig. 34):

F

P

ANOVA results for -

Format factor Format factor

comparison for comparison for

170 knots 210 knots

12.877 5.511

0.000 0.004

Format and speed

factors comparison for

170 & 210 knots

7.666

0.018

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM DICE CSM

0.182 0.000 0.098

0.006 0.004

0.000

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM

0.468

DICE

0.833

0.350

CSM

0.002

0.012

0.001

Mean Dwell Time of Fixations on Aircraft Positions (section 5.4.5 and fig. 34):

T
P

ANOVA results for--

Format factor

comparison for

170 knots

Format factor

comparison for

210 knots

10.088 14.165

0.000 0.000

Format and speed

factors comparison for

170 & 210 knots

10.895

0.007

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM

0.065

DICE CSM

0.883 0.001

0.048 0.000

0.002

Format

-- MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM DICE

0.649 0,003

0.001

CSM

0.000

0.000

0.071

Mean Dwell Time of Fixations on FASA (section 5.4.5 and fig. 34):

Format factor

comparison for

170 knots
E

F 23.9460.000

ANOVA results for--

Format factor Format and speed

comparison for factors comparison for

210 knots 170 & 210 knots

39.751 0.067

0.000 0.800

P of Fisher PLSD post hoc for

170-knot format paired contrast

Format DICE CSM Format

GM 0.000 0.047 GM

DICE 0.000 DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

DICE CSM

0.000 0.063

0.000
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IvieanDwellTimeof FixationsonFASA& A/C Combinations(section5.4.5andfig. 34):

ANOVAresultsfor

Format factor Format factor Format and speed

I comparison for comparison for factors comparison for

170 knots 210 knots 170 & 210 knots
--4 a ......... _ ...........

F 0.753 23.035 8.912

P 0.404 0.001 0.012

Format

P of Fisher PLSD post hoc for

210-knot format paired contrast

CSM

GM 0.001

Mean Cross-Check Scans for Z1 (Final)/All Zone-Pair Combinations (section 5.4.6 and fig. 35):

Format factor

comparison for

170 knots

F 9.679

P 0.000

ANOVA results for

Format factor

comparison for

210 knots

22.297

0.000

Format and speed

factors comparison for

170 & 210 knots

........ i1:093 ....

0.007

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM

0.000

DICE CSM

0.007 0.018

0.019 0.007

0.684

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM

0.000

DICE CSM

0.000 0.000

0.000 0.004

0.312

Mean Cross-Check Scans for Z2 (Base)/All Zone-Pair Combinations (section 5.4.6 and fig. 35):

F

P

ANOVA results for -

Format factor Format factor

comparison for comparison for

170 knots 210 knots

8.433 13.248

0.000 0.000

Format and speed

factors comparison for

170 & 210 knots

1.372

0.266

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM

0.000

DICE CSM

0.044 0.007

0.007 0.047

0.427

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM

0.000

DICE

0.317

0.000

CSM

0.000

0.139

0.005
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Mean Cross-Check Scans for Z3 (Downwind)/All Zone-Pair Combinations (section 5.4.6 and fig. 35):

ANOVA results for -

Format factor Format factor

comparison for comparison for
170 knots 210 knots

F 3.742
P 0.020

Format and speed

factors comparison for
170 & 210 knots

5.829 0.001

0.003 0.979

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

170-knot format paired contrast

GM

0.021

DICE

0.699

0.008

CSM

0.079

0.544
0.035

Format

MAN

GM

DICE

P of Fisher PLSD post hoc for

210-knot format paired contrast

GM

0.064

DICE

0.080

0.001

CSM

0.120
0.752

0.002

5.5. Controller Questionnaires and

Verbal Debriefing

The subjective data were collected in the form of
questionnaires and a verbal debriefing conducted at

the conclusion of the data runs. The types of ques-
tionnaires and the time and order of their adminis-

tration to a test-subject controller, were as follows.

At the completion of each data run:

Format questionnaire (section 5.5.1)

Task Load Index (TLX) format rating relative to
six workload factors (section 5.5.2)

At completion of all four format data runs for a given

pattern-speed procedure:

Rating and ordering of the four test display for-

mats for a speed procedure (section 5.5.3)

At completion of all data runs:

Combined rating and ordering of the test display

formats of both speed procedures (section 5.5.3)

Pair-wise comparison of the six TLX source-of-

workload factors (section 5.5.2)

Comparison of 170- and 210-knot turn-to-final

procedures (section 5.5.4)

Final debriefing questionnaire (section 5.5.5)

Verbal final debriefing (section 5.5.5)

5.5.1. Format Questionnaires

The format questionnaires administered at the
conclusion of each data run consisted of questions

regarding the format just tested along with some

general questions about the simulation. These ques-
tionnaires, including the subject responses, are pro-
vided in section F.2. The present section provides a

summary of the format questionnaire results.

5.5.1.1. Questions Common to Two or More
FASA Formats

Subjects were asked whether they believed that
the FASA's created too much clutter. Most re-

sponded that, although there is inherent clutter

brought on by displaying additional information,

clutter was not a problem. One subject did spec-
ulate that with a "busier" video map, it could be a

problem. (Fig. 13(b) depicts the video map used by
the final controller in the study.) As to the time when
the DICE countdown or graphic marker appeared on

the display, the subject controllers overwhelmingly
felt that there was neither too much nor too little

warning prior to the time the command should be
issued. Subjects also generally agreed with the au-
tomation's choice of where or when to issue turns and

speed reductions. The sequence list that appeared on

the right side of the controllers display for all runs us-
ing display FASA's was generally felt by the subjects

to be of little use because of the well-spaced and or-
dered traffic flow which resulted in an obvious landing

sequence. The vast majority of subjects strongly fa-
vored the use of FASA's in response to the question

regarding their reaction toward having a computer

suggest when or where to turn an aircraft. This re-
action is also supported by comments received in the

final debriefing sessions.
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5.5.1.2. Manual Format Questionnaire

5.5.1.2.1. 170-knot procedure

As described in section 3.1.2, the simulated traffic

flow into the final sector had tile properties of having

been organized and spaced by automation/feeder-
controller interaction. Based on this organization

and spacing, all subjects strongly felt that the land-

ing sequence was apparent. In terms of the effort

required to "set up" the landing sequence, the con-
sensus (10 subjects) was that the automation was

helpful as compared with an operation in which
no automation existed to meter the traffic and re-

solve ties. The simulated radar display and the ini-
tial briefing were considered fully adequate by 10

and 9 subjects, respectively. The remaining subjects

noted minor deficiencies; however, none of the sub-
jects felt that tile simulated radar display nor the

briefing was inadequate. Several questions addressed

the realism of different simulation components, for

example, aircraft fight paths and maneuvers, com-

munications with pseudopilots, and interaction with
the feeder controller. Thesc elements of the simula-

tion were evaluated by most subjects to be somewhat
realistic to realistic.

5.5.1.2.2. 210-knot procedure

As in the 170-knot procedure, it was strongly
felt by all subjects, that the landing sequence was

apparent based on the flow of traffic from tile

automation/feeder controller interaction. Accord-

ingly, most controllers (10) indicated that the effort
required to set up the landing sequence was reduced.

For the 210-knot manual procedure, subjects were

briefed to employ the same speed control strategy
used by the automation, that is, issue the speed re-

duction after the turn to final. In response to this

procedure as compared with operating practices the

subjects were accustomed to, opinion was generally
divided between no difference and a slight differ-

ence. Nine subjects added comments for this ques-

tion: three indicated that they would have slowed
aircraft at a point prior to the turn to final, whereas

four others indicated that they rarely use speed con-

trol. Most subjects (11) did feel that based on the
traffic situation during the test run, a pattern speed

of 210 knots through turn to final was acceptable.

5.5.1.3. Graphic Marker Format Questionnaire

5.5.1.3.1. 170-knot procedure

All the subjects agreed that it was "easy" adapt-

ing to the graphic marker. In response to whether

the graphic marker should continue to be displayed

after the turn has been issued (as implemented in

this study), five subjects said that this resulted in

no perceivable clutter, two subjects said that this
produced excessive clutter, and the remainder fell

between these endpoints. The response to whether

focus on aircraft-to-graphic turn-marker position re-
lationship affected the aircraft-to-aircraft attention

was that it was only somewhat affected or not af-

fected according to slightly over half (seven) the sub-

jects. Ten of the 12 subjects felt that there was at

least slightly more precision in spacing of aircraft us-
ing the graphic marker versus a manual operation

with no automation assistance. In response to a

question comparing the turn positions suggested by

the turn marker versus where subjects would have
turned the aircraft unaided, no respondents indicated

a "strong" difference.

5.5.1.3.2. 210-knot procedure

Almost all (11) of the subjects felt that it was

"somewhat easy" to "casy" adapting to the graphic

marker. Subjects generally felt that use of the speed
reduction advisories provided by the graphic resulted

in more precise spacing than they were able to pro-

vide in a manual operation and their workload was

reduced. Most (10) felt that focus on the speed re-
duction advisor had little effect on attention to either

aircraft-to-aircraft spacing or the overall traffic pic-
ture. In response to a question comparing the turn

positions suggested by the turn marker versus where

subjects would have turned the aircraft, no respon-

dents indicated a "strong" difference. Eleven sub-
jects felt that the speed reduction points suggested

by tile program either agreed or closely agreed with
the point where they would have issued the reduction

had no FASA's been provided.

5.5.1.4. DICE Countdown Format Questionnaire

5.5.1._. I. 170-knot procedure

In terms of adapting to using the DICE with tile
170-knot procedure, eight subjects indicated that it

was either "somewhat easy" or "easy" adapting to

using the format while the other four said that it was
"neither easy nor difficult." All subjects agreed an

improvement in spacing precision resulted by using

the DICE as compared with a manual operation

with no automation FASA's. The subjects were
divided on the question of whether focus on the
DICE countdown value affected attention to aircraft-

to-aircraft spacing; six felt that there was little or
no effect, five felt that attention was reduced, and

one subject didn't feel either way. The subjects
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werealsodividedasto whetherit wasnecessaryto
havethe computersuggestedheadingsin the data
block. Of thoserespondentswhofelt theheadings
werenecessary,the indicationwastheywere"nice
to have"ratherthannecessary.Theimplementation
of theDICEcountdownin thesimulationwasbased
onanaircraft'sperformancerelativeto its schedule
andthereforewasnot a straightclockcountdown.
Subjectswereaskedif theywouldpreferanothertype
of countdown.Two indicateda desireto havean
alternateformof countdown,fourpreferredthetype
ofcountdownimplementedin thestudy,andsixwere
neutral.

5.5.1.4.2. 210-knot procedure

Ten subjects felt that it was eithcr "somewhat

easy" or "easy" adapting to the use of the DICE
with the 210-knot procedure. In terms of workload,

9 subjects indicated a reduction with the DICE turn
indication, and 10 indicated a reduction with the

DICE speed advisory. Opinion was divided as to

whether the DICE turn advisory affected the sub-

jects attention to aircraft-to-aircraft spacing nine

felt that their spacing of aircraft was more precise
when using the speed advisory versus a manual oper-
ation with no automation FASA's and three subjects

did not feel that their spacing was either more or less

precise.

5.5.1.5. Centcrline Slot Marker Format

Questionnaire

5.5.1.5.1. 170-knot procedure

Adapting to using the centerline slot marker at
170 knots was evaluated by nine subjects to be el-
tiler "somewhat difficult" or "difficult." This evalu-

ation is supported by a number of verbal comments

during those data runs and during the postrun de-
briefings. Opinions were widely divided regarding

workload when using this format with seven subjects

noting a workload increase. Nine subjects consid-

ered the information provided by the slot markers to
be "somewhat useful" or "useful." A slim majority

(7) of the subjects would like to have a FASA, such
as turn advisories, vector advisories, to help them
deliver aircraft into their slots.

5.5.1.5.2. 210-knot proccdure

Subjects responses wcrc divided on the question of

adapting to the use of the slot markers at 210 knots:

five, "somewhat difficult"; four, "somewhat easy";
three "neither difficult or easy." Most subjects (8)
indicated that their focus on aircraft-to-slot marker

relationship reduced attention to aircraft-to-aircraft

spacing. Ten subjects felt that the slot markers pro-
vided useful information. One subject commented

that the slot markers "gave guidance as to correct

spacing especially good with heavy aircraft." Seven
of the subjects would like to have a FASA, such

as turn advisories, vector advisories, to help them
deliver aircraft into their slots.

5.5.2. TLX Workload Assessment

The principal means of assessing subject con-
troller workload was the Task Load Index (TLX)

procedure. The TLX is a multidimensional rating

developed at NASA Ames Research Center (ref. 21),
and it uses subjective ratings of six workload con-

tributing factors that are relatively weighted by each

subject. It is a simple, quick, and systcmatic process

for compiling workload ratings.

Example TLX questionnaires, and the individual

controller subjects' format ratings and source-factor

weightings plots are presented in scction F.3. Each
subject controller's TLX-assesscd workload is given

in figure 36(a) for the display format and specd pro-

cedure tested, and the mean and standard devia-
tion are also given for all subject workloads for each

of the tested display formats of both pattern-speed

procedures. They are plotted in figure 36(b).

5.5.2.1. TLX-Asscsscd Workload for 170-Knot Pattern-Speed Procedure

A step-shaped pattern characterized the TLX workload of the formats for the 170-knot pattern-speed

procedure in figure 36(b). The centerline slot marker had the highcst workload value (63.6); the manual

format was next (52.9); the graphic marker format appears to be the lowest (38.7); the DICE format (46.7)

fell between that of the manual and thc graphic marker workloads. A single-factor (display format), repeated-

measure analysis of variance yielded a P value of 0.0002 for treatment diffcrences. The results of a single factor

(display format) repeated measure analysis of variance with Fisher PLSD post hoe test to determinc whether
differences in the TLX-assessed workload values were statistically significant for the 170-knot pattern-speed

procedure are as follows:
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Manual/FASA statistical comparisons:

/tMA N < /tCS M at 0.045 level of significance (95.5 percent confidence)

/tMA N not > PDICE cannot reject null hypothesis (c_ > 0.05)

PMAN > #GM at 0.01 level of significance (99.0 percent confidence)

FASA statistical comparisons:

/_CSM > #DICE at 0.005 level of significance (99.5 percent confidence)

PCSM > #GM at 0.005 level of significance (99.5 percent confidence)

#DICE not > ttGM cannot reject null hypothesis (a > 0.05)

The analysis indicated there was no statistically significant difference between the TLX-assessed workload

of the graphic marker and the DICE format or between that of the manual and DICE format with the 170-knot

pattern-speed procedure. However, with acceptable statistical confidence (95.5 percent), we can say that the

centerline slot marker workload was higher than that of the manual format. With high statistical confidence

(99.5 percent), we can say that the TLX-assessed workload of the centerline slot marker was higher than that

of either the graphic marker or the DICE countdown format. In addition, with high confidence (99 percent),

we can say that the graphic marker workload was lower than that of the manual format.

5.5.2.2. TLX-Assessed Workload for 210-Knot

Pattern-Speed Procedure

Prom figure 36(b), for the 210-knot pattern-speed
procedure, wc see that the centerline slot marker

(59.2 TLX workload), the manual (50.2 TLX work-

load), and the DICE formats (44.4 TLX workload)
have the same descending staircase relation to each

other as was the case in the 170-knot procedure al-

though the incremental workload differences are less.
Unlike the 170-knot procedure, however, the work-

load rating of tile graphic marker format is higher

than that of the DICE format with practically tile

same value as the manual format. The graphic for-
mat workload characteristic of the 210-knot proce-
dure is discussed further in the next section where

the 170- and 210-knot procedure workloads are com-

pared. A single-factor (display format) repeated-
measure ANOVA for the 210-knot pattern-speed

procedure indicated the null hypothesis (all format

workloads are equal) could not be rejected at the
0.05 level of significance.

5.5.2.3. Comparison of TLX-Assessed Workload

for 170- and 210-Knot Pattern-Speed
Procedures

Workload difference between the 170- and 210-

knot pattern-speed procedures were tested via a two-

factor (speed procedure, display format) repeated

measure analysis of variance. The result was that

the null hypothesis (workloads between the two speed
procedures are equal) could not be rejected at the

0.05 level of significance. Therefore the 210-knot
pattern-speed procedure did not significantly change

the workload of the formats as a group relative to the

formats of the 170-knot procedure as a group. This

finding is important. Recall from section 5.1 that the
runway separation precision improved across all for-

mats for the 210-knot procedure and from section 5.2

that the vectors/aircraft were reduced for both the
manual and centerline slot marker formats for the

210-knot procedure. Therefore, for the experimental

conditions, these benefits were obtained without any

significant increase in controller workload.

When comparing the 170- and 210-knot proce-

dure formats, the 210-knot graphic marker workload
was puzzling. The difference in the TLX-assessed

workload values between the 170- and 210-knot pro-
cedurcs was less than 4.5 for the CSM, MAN, and

DICE format comparison. Further, the workload for

the 210-knot procedure was less for each format. On

the other hand, the TLX workload difference was 11.6
between the 170- and 210-knot graphic-marker com-

parison and the trend noted above was reversed with

the 210-knot procedure having the higher workload

than the 170-knot procedure.

The strong trend reversal noted was caused by

five subjects (7, 8, 10, 11, and 12) whose TLX evalua-
tions of the graphic marker format were considerably

higher for 210 knots than for 170 knots (fig. 36(a)).
Relative format workload ratings by the five sub-

jects for the separate 170- and the 210-knot proce-

dures (section 5.5.3.2) as well as the combined speed
relative rating (section 5.5.3.3) were cross-checked
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with their TLX workloadevaluationand foundto
beconsistent.Fourof thesefivesubjectcontrollers
ratedthegraphicmarkerto betheirpreferredformat
in the 170-knotevaluation;however,noneof these
fivesubjectsratedthe210-knotgraphicastheirpre-
ferredformatin eitherthe210-knotor thecombined
170-and210-knotevaluation.

Comments from these five subject controllers

indicate that the perceived higher workload, for

the graphic marker 210-knot format relative to the
170-knot format, was the lack of conspicuousness

of the 210-knot procedure speed reduction marker.

The speed marker location was such that it may not
"stand out" sufficiently from the video map depic-

tion of the final-approach course (fig. 5). Initially

we believed that there was a tendency to fixate on

the speed marker. However, subsequent review of

tile oculometer data (statistical and video tapes) dis-

proved this idea. For these five subjects, time mea-
surements were taken to determine the amount of

time between when a graphic first appears and when
the controller first looks at it. The mean time was

1.1 sec for the turn marker compared with 1.5 sec

for the speed marker. The difference between these
two times does not seem to be as great as subjec-
tive comments seem to indicate. Four controllers

stated in the format questionnaires and final debrief-

ing comments that they would have preferred an-
other implementation of the graphic speed marker.

Two controllers stated that they missed the initial

appearance of the graphic speed marker and thought
that the speed marker should either flash or be color

coded when it first appears on the display. Two other

subjects stated that they thought that the speed
marker should flash if the command was not issued

on time. Reactions indicate that subjects thought

that a graphic speed advisor was desirable in concept.

However, investigation of alternatives for identifying

the speed reduction point could bc beneficial.

5.5.2.4. Source-of-Workload _,Veightings and

Ratings of TLX Factors

The TLX-assessed workload obtained from a sub-

ject is influenced by the subjects weighting and scaled

ratings of six workload source factors. Definitions of
the six factors are contained in section F.3.1 and ref-

erence 21. The process of computing the workload is
detailed in reference 21.

The extent to which a subject's scaled rating,

of each of the six contributing factors, influences

the workload of the specific task being evaluated

(i.e., controlling final traffic with a specific FASA
format) is determined by the factor weightings for the

4O

general type or class of activity (i.e., controlling final

traffic) to which the specific evaluated task belongs.

The weights, resulting from a pairwise comparison
of the factors, indicate the relative impact each has

on the general activity or task. Thus, the weights

provide insight about the general task (in this case,
controlling final traffic). The mean of the factor

weights of all 12 subject controllers are listed in

figure 37(a). These values indicate how, on the

average, our group of subjects weighted the impact
of each of the six TLX workload factors on their

final controller function. The higher the weight,
the more critical is the factor to a terminal final-

controller's workload. The mean factor weights in

order of importance are given in the following table:

Factor Weight

Mental demand (MD)

Own performance satisfaction (OP)

Temporal demand (TD)
Your effort required (ER)

Prustration you experienced (FE)

Physical demand

4.25

3.17

3.08

2.83
1.67

0

Note, the above weights sum to 15 as is the case
for an individual test subject's pairwise comparison

process.

The rating of a factor reflects the subject's judg-

ment of the relative scaled magnitude of that fac-

tor when employing the specific display format be-

ing evaluated. The mean of the factor ratings of
all 12 subjects are listed in figure 37(a). These val-
ues indicate how, on the average, our group of con-
trollers rated the six factors relative to each tested

display format. These individual workload contribut-

ing factor means are plotted in figure 37(b) along
with the mean of the individual subject workloads

for each display format. Note that physical demand

was not plotted because of its 0 weight, which meant

that physical demand ratings did not influence the
TLX-assessed workload.

Figure 38 is a depiction of the data in figure 37(a)
in the conventional TLX format (ref. 21). Another
form of mean workload can be obtained by using the

mean weights and mean ratings to compute an overall
workload by the TLX procedure as was done for the

individual subject workloads. These alternate means

are listed in figure 37(a) and plotted in fign_re 38
for each display format. Even though this method

is not mathematically identical to the mean of the

subjects' individually calculated TLX workloads, the

two methods should give approximately the same
values. A comparison of the data in figures 36(a)
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and 37(a) shows the two mean values for each format
in close agreement (maximum difference was 1.6).

Because of the number of display format mea-

sures in our study, we restricted our statisticM evalu-

ation to conventially calculated TLX-assessed work-

load via repeated measure ANOVA on the data of

figure 36(a). The TLX workload contributing factors
could themselves be treated as dependent variables

for statistical analysis if one were interested in fur-

ther pursuit along this vein. A rough sense of such
an analysis can be obtained from visual comparison

of the mean factor ratings in figure 37.

5.5.3. Relative Rating of Display Format

Three relative rating questionnaires were designed

to acquire from the subjects their relative ranking of

the formats with respect to three specific criteria:

1. Workload or effort required to use the format

2. Ease of adapting to or learning to use the
format

3. Amount of help or benefit in spacing traffic on
final

The applicability of the manual format to criteria 2

and 3 was determined to be questionable. There-
fore, the "manual" responses were removed and the

placement of the remaining three formats adjusted

accordingly. Subjects completed three separate rat-

ings, one after each of the two pattern-speed proce-
dures and a final combined rating, for all the formats

of both pattern-speed procedures as a group at the

completion of all data runs. The questionnaire form
is shown in section F.4.

For each criterion, a rating scale (as shown below)

consisting of ten positions with the appropriate end-

point descriptors defining the ends of the scale (e.g.,
most workload and least workload) was provided. An
example of a scale is as follows:

[ l I I I h I I I [_1
most workload least workload

Subjects were instructed to first determine which for-

mats represented the endpoints and then position the

remaining formats in their relative positions along
the scale. This approach is equivalent to taking what

would be the difference between the lowest and high-

est ratings on an absolute scale and blowing it up for
resolution or differentiation. These results will have

meaning only in a relative position sense. For exam-

ple, a mean rating of 8 does not imply 4 times better

than a low mean rating of 2. However, some measures

such as workload are not always evaluated relative

to absolute human capability but often have relative

meaning only in the domain of interest, which in our
case was final controller reaction or performance with

the tested display formats relative to each other.

5.5.3.1. Relative Rating of Formats for

170-Knot Pattern-Speed Procedure

Figure 39 shows the distribution of the subjects
according to their format rating for the workload or

effort required to use the format for the 170-knot

pattern-speed procedure. Nine subjects rated the

graphic marker as having the least workload or effort

required to use the format. Although not rated as
high as the graphic, the majority (8) of the subjects

felt that the DICE represented an overall reduction
in workload relative to the manual or the centerline

slot marker. Three subjects commented that the

DICE format requires more concentration than the

graphic marker. However, they further stated that
the information is in a desirable location, that is,

near the aircraft position symbol and the standard

data block information. Opinion was divided for

the manual format, and seven subjects felt that the
slot markers generated more workload than the other

formats. (Fewer subjects (3) evaluated the manual

format as having the most workload than those (7)
making the same evaluation for the slot markers.)

For the 170-knot procedure, a comparison of the

graph showing questionnaire mean workload rating

and the TLX results (fig. 40) shows a strong ranking
correlation between the two workload assessments.

Figure 41 indicates the distribution of the sub-

ject controllers according to their format rating cri-
terion 2 ("ease of adapting to or learning to use for-

mat"). Nine subjects rated the graphic as the easiest
format to adapt to, whereas 10 subjects evaluated

the slot markers as being the most difficult. No sub-

jects evaluated the graphic as being the most difficult
nor the slot markers as being the easiest format with

which to adapt. Individual practice time did not al-

ways indicate how difficult it was to adapt to a format
because of the order of the pattern-speed procedure
and the order of the formats themselves in the test

sequence. However, for the 170-knot procedure, the

composite mean practice time used by the subjects

prior to the data runs correlates with and supports
results of the "ease of adapting" rating (fig. 42).

Figure 43 depicts the distribution of the sub-
ject controllers according to their format rating for

"amount of help or benefit in spacing traffic on fi-
nal" criterion. In terms of this criterion, eight sub-

jects found the graphic marker the most helpful, eight
stated that the slot markers were the least helpful,
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and ratings were divided about the helpfulness of the
DICE.

5.5.3.2. Relative Rating of Formats for
210-Knot Pattern-Speed Procedure

Six subject controllers rated the graphic to have
the least workload for the "workload or effort re-

quired to use the format" criterion for the 210-knot

procedure (fig. 44) as compared with nine in the

170-knot procedure (fig. 39). Four subjects evalu-
ated the slot marker as having the most workload for

the 210-knot procedure as compared with seven for

the iT0-knot procedure. Six subjects rated the man-
uaI as having the most workload for the 210'knot

procedure as compared with three for the 170-knot

procedure. This increase in ttie number of subjects

may" have been the result of the normal operational
practices used by several subjects as stated in the

verbal debriefing, that is, many controllers at ORF

do not use speed control regularly to space traffic on

final. Therefore, tile additional effort in determining
the location to issue a speed reduction may have been

perceived as requiring more effort. Figure 40 depicts

the relationship between tile ratings for "workload or
effort required to use the format" criterion and the

TLX results. For the 210-knot procedure, the mean

rating for the graphic format was the lowest of all

formats, whereas the TLX results indicated a slight
workload magnitude increase for the graphic over the

DICE. However, recall there was no statistical signif-

icant difference between TLX outcome of the graphic
marker and DICE countdown formats.

Again shown in figure 40, and as discussed earlier

in section 5.5.2.3, the TLX workload assessment for

all the formats, except the graphic marker, was less
for the 210-knot pattern-speed procedure than for the

170-knot procedure. This increase for the graphic

marker was attributable to five particular subject
controllers (section 5.5.2.3) wt{ose TLX workload rat-

ings were considerably higher for the 210-knot proce-

dure than the 170-knot procedure. Figure 45 presents
the distribution of the relative format workload rat-

ings of these five subjects for the 170- and 210-knot

procedures. Tile same pattern can be seen as was ob-

served for the TLX ratings. A similar breakdown of

the distribution of the combined display format rela-
tive ratings for both speed procedures is included in

section 5.5.3.3 for these five subjects as well as for

the other seven subjects.

Figure 46 indicates the distribution of the sub-

ject controllers according to their format rating for

the "ease of adapting to or learning to use the for-

mat" criterion. In this figure, the order of preference
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for the FASA formats relative to each of the three

criteria is the same as for the 170-knot procedure.

Essentially, most subjects (9) found adapting to the
graphic format easiest, and the slot markers most

difficult. However, two subjects rated the graphic

ms the most difficult to adapt to in the 210-knot
procedure as compared with none in the 170-knot

procedure; two rated the slot marker the easiest to

adapt to in the 210-knot procedure, whereas none of

the subjects rated the slot markers as the easiest in
the 170-knot procedure. A comparison between the

"ease of adapting to or learning to use the format"

criterion rating and the practice time used is pro-

vided in figure 42. Overall, nine subjects felt that
the graphic was the easiest format to adapt to, even

though slightly more mean practice time was used

for the graphic than the DICE. However, there was
not any statistical significant difference between the

two practice times.

Figure 47 depicts tile distribution of the subject

controllers according to their format rating for the

"amount of help or benefit in spacing traffic on final"
criterion. In terms of this criterion, again as in the

170-knot procedure, tile most controllers (8) selected

the graphic format as the most helpful. However,
the graphic marker had two ratings of least helpful.

On the other hand, DICE had five most helpful

but no least helpful ratings. This contrasts with

DICE which received four least helpful ratings in the
170-knot procedure. As a result, the means of the

rating distributions, relative to the "amount of help

or benefit in spacing traffic on final" criterion, were

equal for the graphic and DICE formats. Among the
three formats, clearly the centerlinc slot marker had

the consensus rating (10 subjects) as least helpful,

even though it received two high ratings.

5.5.3.3. Relative Rating of Combined Formats

for Both Pattern-Speed Procedures

After all runs for both pattern-speed procedures

were completed, each subject controller performed

combined format relative ratings for both pattern-

speed procedures. These combined ratings (whose
distributions according to subject count shown in

figs. 48, 49, and 50) consisted of relatively rating,

as a group of eight, all the formats together for both

the 170- and 210-knot procedures, according to the
same three criteria used in the individual pattern-

speed format ratings. The results of the combined

rating in terms of format preference were consistent
with the ratings of the individual speed procedures

for all three criteria: "workload or effort required

to use the format" (fig. 48), "ease of adapting to or

learning to use the format" (fig. 49), and "amount of



helpor benefitin spacingtrafficon final" (fig.50).
Additionally,in all but onecase,both speedproce-
duresfor aparticularformatwerepreferredoverthe
subsequentformat choice(e.g.,graphic210knots,
graphic170knots,DICEat 210knots,...). Tileonly
exception,assuch,wasthe meanworkloadrating
tie betweenthecenterlineslot markerat 210knots
andthemanualformatat 170knots.Anothervery
significantfindingin thecombinedratingswasthat,
in everycriteriaanddisplayformatcase,themean
rating for the 210-knotformatwashigherthan its
correspondingmeanratingfor the 170-knotformat.

For the "workload or effort required to use the

format" criterion, the mean ratings between the two

speed procedures for each format were all relatively
close except the ones for the centerline slot mark-

ers. This difference for the slot markers may be at-

tributable to the overall difficulty that subjects had

in working with the slot markers in the 170-knot pro-

cedure. The graph of the rating for "workload or
effort required to use the format" criterion and the

TLX (fig. 51) shows a ranking correlation between

the two independent ratings.

To further support the TLX discussion of sec-

tion 5.5.2.3, a breakdown of the combined format

workload rating between five particular subjects and
the remaining seven subjects is shown in figure 52.

These five subjects (7, 8, 10, 11, and 12) had a

TLX mean rating (6.9) indicating higher workload
assessments for their 210-knot graphic marker for-

mat (210GM) than did the other seven controllers

(8.8). For the group of five, the 210-knot graphic

marker format ranked third among all formats as
opposed to first for the group of seven. These sep-

arate and independent, combined ratings paralleled

those of the individual pattern-speed speed ratings

(section 5.5.3.2) and further supported the work-
load results obtained from the TLX for the 210-knot

pattern-speed procedure.

Considering all the ratings for "ease of adapting

to or learning to use format" criterion, the most
universally held opinion for both speed procedures
was that the eenterline slot marker was the hardest

format to adapt to using. There were no subjects
that evaluated the graphic format on the least helpful

end of the scale for the "amount of help or beneft

in spacing traffic on final" criterion. The only other

consistent result in tile combined speed rating for

this criterion was that most subjects (8) found the
slot markers at 170 knots to be the least helpful.

The results of the subject evaluations for "work-

load or effort required to use the format," "ease
of adapting to or learning to use the format," and

"amount of help or benefit in spacing traffic on fi-

nal" criteria are remarkably consistent throughout

all formats as shown in figure 53. Overall there is

a consensus ranking among the FASA's, as to con-
troller preference, relative to all three of these crite-

ria. The graphic marker emerges as the consensus
first choice and the centerline slot marker as the con-

sensus last choice. In addition, the controllers pre-

ferred the 210-knot procedure for each format, par-

ticularly for the centerline slot marker format. Even

though it was the first choice overall, a sizable mi-

nority (5 of 12 subjects) downgraded the 210-knot

graphic marker format relative to workload because
they felt that the speed reduction marker should have

been more conspicuous than was used in the test.

5.5.4. questionnaire Comparison of 170-

and 210-Knot Procedures

At the completion of all data runs, subjects were
asked to evaluate, for each of the four formats, the

level of difficulty associated with spacing aircraft on

final using the 210-knot pattern-speed procedure as

compared with the 170-knot procedure. This ques-
tionnaire and responses are presented in section F.5.

It should be noted that according to the subjects,

speed control on final is not extensively used for spac-

ing traffic at Norfolk Approach Control (where the
controller subjects are based). However, when a_sked

which of the two speed procedures used in the study

more closely approximated their operation, 11 of the
12 subject controllers said the 210-knot procedure

more closely approximated the speed profiles flown

by aircraft not issued speed restrictions.

Overall, the 210-knot procedure was considered
to be easier to use for spacing aircraft than the

170-knot procedure. Although the reason for this

consideration is not readily apparent from comments
made on this questionnaire (appendix F), five sub-

jects stated in debriefing sessions that the speed ad-

justment provided for in the 210-knot procedure,
which allows for fine tuning of spacing, was quite

helpful. For the manuM and the slot markers, the

210-knot procedure was evaluated as harder to use

for spacing traffic by two and zero subjects, respec-
tively. For both the graphic and the DICE for-

mats, the 210-knot procedure was rated harder by

three subjects. Depending on the format, somewhere
between 9 to 12 controllers felt that the 210-knot

pattern-speed procedure was as easy or easier than

the 170-knot procedure for that same format. This
outcome follows the same pattern as seen in the com-

bined format rating (section 5.5.3.3). All subjects felt

that vectoring to the slot markers was easier with the

210-knot procedure. Debriefing comments received
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from sevensubjectsindicatedsignificantdifficulty,
andsometimesfrustration,in trying to vectorthe
aircraft into theslotmarkerwhenboth theaircraft
andslotmarkersmovedat thesamespeed.

5.5.5. Final Debriefing Questionnaire,

Verbal Debriefing, and Other Controller

Comments

Following all the data runs, the subjects com-

pleted a final debriefing questionnaire and partici-

pated in a verbal debriefing. The final debriefing
questionnaire targets the subjects' opinions about

the realism and adequacy of the simulation facilities.

The verbal debriefing provides an opportunity for the
subjects to provide final comments on specific sub-

ject areas such as the formats themselves, possible

concerns in using FASA's. Additionally, the subjects

were given an opportunity and encouraged to com-
ment on any a_spect of the simulation, FASA's, au-

tomation in general, or any subject area that they

chose. Tile final debriefing questionnaires along with
the subject responses are presented in section F.6.

The format for the verbal debriefing is included in
section F.7.

The final debriefing questionnaire contains ques-
tions related to the test environment and simula-

tion. There was unanimous agreement that the

test sessions were conducted in a controlled, seri-

ous, and professional manner. Overall, the sub-

jeers felt that the simulation was reasonably realistic.

Both the simulated radar display and the commu-

nications were evaluated to be adequate for the re-
quired task. However, the following comments were

made by two subjects: "When instructions were is-

sued to the wrong aircraft, pseudopilots did not ques-
tion the calls" and "Pilots made very few errors

and responded too quickly." In response to the ef-

fect of the "physical environment" on the subjects'

test performance, it was generally felt that perfor-
mance was "neither improved nor degraded." All

subjects evaluated the initial briefings on the Denver

airspace and procedures and the format briefings to
be adequate. Feelings wcrc also unanimous that the

training received during the format practice runs was

adequate.

In the verbal debriefing, the subjects were asked

for comments on each of the formats. The most pos-

itive comments were received for the graphic turn

marker; in general, subjects felt that the graphic was
easy to use and provided information in an easy to in-

terpret manner, requiring a minimal amount of adap-

tion time. Typical comments about the graphic turn
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marker were "easy to use" and "required less atten-

tion than DICE or slots." The graphic speed advisor

was well liked by all but one subject. Several sub-

jects did, however, suggest that the speed marker

needs to be more conspicuous. The following sugges-
tions were offered: the speed marker should flash at

the first appearance, flash at the time the command
should be issued, and color could be used to accent

the speed marker. The DICE time-to-turn advisor

received less support than the graphic. However, the

consensus was that it is not difficult to adapt to and
the information is in a location which is close to other

data block infornmtion and the aircraft position sym-

bol. In the format questionnaire only two subjects

indicated a preference for an alternative form of the

DICE countdown uscd in the study (section 5.5.1.4).
However, during the debriefing discussions, a total

of four subjects stated a desire for a straight clock

countdown (i.e., 8, 7, 6, 5, 4, ...). Comments on
the DICE timc-to-spced-reduetion advisor were ba-

sically the same as those for the time-to-turn advi-

sor. Finally, most subjects felt that the centerline
slot marker was the most difficult of the FASA's to

adapt to and the most difficult to use. Four subjects

felt that another aid such as the graphic or DICE

could be used to assist in merging aircraft with slots.

In response to the question of fixation (excessive
focus on situation or location), clutter, and distrac-

tions, most subjects stated that there wcrc minor

problems in at least one of the three areas with one or

more formats. Occasional fixations werc reported by

five subjects in the use of the DICE, five subjects in
the use of thc centerline slots, and one subject in the

use of the graphic marker. The only comments re-

garding clutter were noted by three subjects, all with
the graphic turn marker; the subjects stated that the

clutter was minor and did not present a problem.

Nine of the 12 subjects wcrc enthusiastic about

the overshoot prediction feature in the 210-knot pro-

cedure. The feature provided advance warning about
an aircraft on the base leg which the automation

predicted would need to overshoot the localizer, to
prcservc separation, unless some additional action

(speed reduction or vector) is taken prior to the
turn-to-final.

The subjects were asked several questions to so-
licit their opinions on the use and potential impact
of FASA's. There was not a common denominator

among the responses from the subjects relative to

the question of "Did the system change the mental
tasks involved in controlling traffic?" However, there

were interesting comments: "Mental demand less-
ened, lowered" ; "Felt like a robot"; "Controller reacts

to system as opposed to formulating." When asked
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"Do you feel that an automated advisory system will

create any special problems with controller training

or proficiency?," comments were wide: "No, after
awhile controller would work traffic like the com-

puter"; "No, I'll take all the help I can get"; "Con-
trollers will have to develop new expectations from

their careers"; "[FASA's] could extend the productive
life of a controller." The subjects were unanimous in

their feeling that automated aids would be benefi-

cial in reducing workload and in increasing spacing

precision. Subjects were asked if they had any final

thoughts, opinions, or suggestions that were not pre-
viously covered; by and large, only minor comments
were made.

6. Major Results

Working jointly with the FAA and in collabo-
ration with Lincoln Laboratory, MIT, and NASA

Ames Research Center, this study was conducted

at the NASA Langley Research Center to gather

comparative performance data among three can-

didate final-approach spacing aid (FASA) formats.
Several objective measures together with subjective

questionnaire data were used to obtain an in-depth

assessment. The data were gathered from the per-

formance and reactions of 12 subject controllers pro-

vided by the FAA. The performance measures were
obtained in a dynamic real-time TRACON simula-

tion with varied display formats and pattern-speed

procedures. For each of two representative pattern-

speed procedures (a 170-knot pattern-speed proce-
dure and a 210-knot pattern-speed procedure with

speed control aiding), data were collected by us-

ing four final-controller, display-format conditions:

manual/ARTS III, graphic marker, DICE count-
down, and centerline slot marker. The following sec-

tions are a summary of the experimental results.

6.1. Aircraft Delivery and Separation

Precision

The measure used to assess precision of aircraft

delivery and separation was the standard deviation of
aircraft-pair interarrival errors at the runway thresh-

old. For the 170-knot pattern-speed procedure, the

centerline slot marker format did not statistically

improve controller delivery precision relative to the

manual/ARTS III format value (18.9 sec). How-
ever, both the graphic marker and DICE countdown

formats improved controller delivery precision, over

the manual format, by statistically equivalent in-

crements (range of reductions from 4.2 to 5.0 see).
For tile 210-knot pattern-speed procedure, all the

FASA formats improved controller delivery preci-

sion relative to the manual/ARTS III format value

(15.4 sec). Controller use of the DICE countdown
resulted in the most delivery improvement (7.2-scc

reduction), the graphic marker resulted in slightly

less improvement (6.0-sec reduction), and the center-
line slot marker resulted in the least improvement

(4.2-sec reduction). For all formats, operating
with the 210-knot procedure resulted in statisti-

cally improved controller delivery precision relative

to the comparable 170-knot procedure format. The

210-knot manual/ARTS III format improvement was

3.5 sec, whereas the 210-knot improvements for the
three FASA's were between 5.3 to 6.6 sec over their

respective 170-knot formats.

In terms of delivery precision, for both the

170- and the 210-knot pattern-speed procedures, the

graphic marker and DICE countdown formats are

both superior to the centerline slot marker format.

The graphic marker and DICE countdown gave sim-

ilar precision results with the DICE having a minor

edge in the 210-knot procedure. The measured im-
provement in delivery precision obtained from the

final-region speed-reduction cueing of the 210-knot

procedure, relative to the constant speed of the
170-knot procedure, was a significant finding. This

indicates that the application of speed control aid-

ing, on final approach, to a FASA has the potential

to significantly improve aircraft separation at facili-
ties where an initial higher pattern speed on final is

practical. A simple analysis of runway arrival rate
indicated that tile improved precision of a FASA,

such as the graphic marker, has the potential to in-

crease the TATCA IMC runway arrival rate over that

of a TATCA system without a FASA. The magni-

tude of the increase depends on which pattern-speed
procedures are assumed in tile comparison. For ex-

ample, the arrival rate increase was 6.6 percent for

the 170-knot procedure, 10.6 percent for the 210-knot

procedure, and a more dramatic 16.5 percent when
the manual format for the 170-knot procedure was

compared "with the 210-knot pattern-speed procedure

with its turn and speed reduction aiding.

6.2. Vectors Per Aircraft Issued in Final

Sector

Data were gathered on the mean number of vec-
tors per aircraft issued by the final controller in merg-

ing and spacing traffic for final approach. For the

170-knot procedure, all the FASA formats reduced
the mean number of vectors per aircraft relative

to the manual/ARTS III format value (2.7 vectors/

aircraft). Both the graphic marker and DICE count-
down formats reduced the mean vectors per air-

craft by equivalent increments (1.1 vectors/aircraft),
whereas the centerline slot marker had less reduction
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(0.5vector/aircraft). The resultsfor the 210-knot
procedureweresimilar, whereall tile FASAfor-
nmts also reducedthe mean numberof vectors
per aircraft relativeto the manual/ARTSIII for-
mat value(2.2vectors/aircraft).For the 210-knot
procedure,both tile graphicmarkerand DICE
countdownalsoreducedthe meanvectorsper air-
craft by equivalentincrements(0.7vector/aircraft),
whereasthecenterlineslotmarkerhadtessreduction
(0.5vector/aircraft).Whenthe 210-knotprocedure
is comparedwith the 170-knotprocedure,the 210-

knot procedure reduced the mean number of vectors
per aircraft by equal amounts (0.4 vector/aircraft)

for both the manual/ARTS III and centcrline slot

marker formats relative to their 170-knot procedure

counterparts. However, tile graphic marker and
DICE countdown formats had no significant change

between the two pattern-speed procedures.

For the Denver approach routes modeled and the

pool of subject controllers used, the graphic marker
and DICE countdown format both gave equivalent

larger reductions in mean vectors per aircraft (42 per-
cent for 170 knots and 32 percent for 210 knots),

relative to the corresponding manual/ARTS III for-

mat, than the centerline slot marker (19 percent for

170 knots and 20 percent for 210 knots). Therefore,
a TATCA system with a final-approach spacing aid

not only has the potential to improve delivery pre-

cision but also could potentially reduce the average

vectors per aircraft in the final region. The extent
of the vectoring reduction would depend on the spe-

cific TRACON geometry and procedures. Note that
a reduction ill the number of vectors issued would

have tile additional benefit of reducing somewhat the
communication channel congestion.

6.3. Controller Response Time to Direct

FASA

FASA's which have both a suggested advisory

and delivery time were classified as direct aids in

this report. Controller response time to a direct
aid is the difference between the indicated delivery

time and the actual turn or speed message delivery

time. Histograms of controller response time were

plotted to tile FASA base-to-final turn indication
and, in the 210-knot procedure, to the reduction-

to-170 knot FASA indication for the graphic marker
and the DICE countdown formats. These response

time models have potential application in advanced

system analysis and ATC simulation modeling where

automated direct aiding is a feature of the system

under study.

The standard deviation of response time for

the base-to-final advisory of the DICE countdown
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(3.3 sec) was slightly less than that of the graphic

marker (3.7 see). This small, though statistically sig-
nificant difference, appears to account for the slight

delivery precision advantage of tile DICE countdown

format. It should be emphasized that a balanced con-
sideration of all factors, not only separation precision

or response time, should dictate format selection. For

instance, lookpoint data and controller comments in-
dicated some tendency toward fixation on the DICE

countdown turn advisory, which probably explains

its observed response time edge. However, because

of the potential adverse effect fixation could have
on scanning behavior, controllers tended to rate the

DICE countdown format below the graphic marker
format.

6.4. Lookpoint Measurement

The Langley oeulometer system was used to

gather data on subject controller eye-scan behavior
as a function of the tested display formats. Of the

many proposed lookpoint measures, three were se-
lected for analysis. The first measure is the amount

of time the oeulometer had the subject in-track which

can be treated as follows: as a percentage of exper-
imental test time, as a percentage of time divided

among display object types, or as a percentage of

time divided among regions of the controller's dis-

play. The second measure is average dwell time by

display object type. The third measure is the num-
ber of cross-check scans, which indicates the number

of alternating, uninterrupted fixations between two

display objects.

For the oculometer in-track time measurement,

the working hypothesis relative to task difficulty is

as follows: the more difficult the task, the higher is

the in-track time because there is less discretionary

or spare time to look away from the display. For

the 170-knot pattern-speed procedure, the graphic
marker format had significantly lower in-track time

than all the other formats. No significant differences

in percentag e of in-track time were found among the
display formats of the 210-knot procedure. These

results closely agreed with and supported the TLX

workload analysis.

As might have been expected, changes in the scan
behavior were observed for all FASA formats when

compared with the mamlal format. Less time was

spent on the conventional aircraft position symbol
and data blocks and this time was transferred to the

aid presentation. The changes in scan behavior rel-

ative to display zones confirmed what was observed

for the display object measures. The location of the
centerline slot markers, along the extended runway

centerline, resulted in more total time in that region
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than the other formats. On the other hand, more

time was spent in the base and downwind regions
where the turn aids were located, with the graphic
marker and DICE countdown formats than was spent

in those regions with either the manual or centerline
slot marker.

The subject controllers spent significantly less

time scanning the area inside the final-approach fix
with the centerline slot marker than was spent with
tile other three formats. This characteristic does not

appear to be desirable when one considers that the

delivery precision of the centerline slot marker was
the worst of the tested FASA's. The graphic marker

and DICE were providing almost equivalent infor-
mation but in different forms. The longer average
dwell time of fixation for the DICE countdown aid

compared with that for the graphic marker suggests
a more efficient information transfer process for the

graphic marker format.

For both pattern-speed procedures, all three aids

had significantly less cross-checking involving the
base and extended-runway-centerline regions than

the manual format. The graphic marker had the least

cross-checks involving all the display regions evalu-

ated and had significantly less cross-checks than all
the other formats for the base and extended center-

line regions. For the cross-checking measurement,
the model assumed that the controller's purpose for

examining relative position (i.e., cross-checking) was

to either perform some control action or monitor sep-
aration. The hypothesis was that a reduction in the

number of cross-checks primarily indicated a reduc-
tion in the amount of comparison or judgment re-

quired to properly time a control action if the amount
of monitoring is assumed to be relatively constant.

Accordingly, the results indicate a graphic marker

advantage, relative to required comparisons, in mak-

ing control action judgments.

6.5. TLX Workload Assessment

The Task Load Index (TLX) procedure was used
to collect relative workload data among the tested

formats. For the 170-knot procedure, the centerline

slot marker significantly increased rated workload

relative to the manual/ARTS III format, whereas the

graphic marker format significantly reduced the rated
workload relative to the manual/ARTS III format.
The rated workload of the DICE countdown format

fell between that of the manual/ARTS III and the

graphic marker with the difference, relative to either,

not statistically significant.

For the 210-knot pattern-speed procedure, the

workload rating differences among the formats were

not statistically significant. For the centerline slot

marker format, this reflects that thc additional con-

trol (obtained via the 210-to-170-knot speed reduc-

tion) coupled with the inherent speed reduction cue-
ing (given by the slot marker positions) appear to
relieve the 170-knot speed procedure pressure of hav-

ing to make such precise turns to align the aircraft
in their slot marker. The requirement of an ad-

ditional speed reduction could have been perceived
as an added workload for the other formats of the

210-knot procedurc. However, a comparison of the
170- and 210-knot procedures indicated there was no

statistically significant difference in the overall rated

workload between the two pattern-speed procedures.

Note that a sizable minority (5 of 12) of the subjects

perceived their workload with the 210-knot graphic
marker format to be higher than their workload with

the 170-knot graphic marker format because they felt

the speed reduction marker should have been more
conspicuous than implemented in the test.

6.6. Questionnaires and Debriefing

Findings

Overall comments indicated enthusiasm for the

use of FASA's to improve the final controller's per-

formance. Most of the subjects (between 9 to 12 for

both speed procedures) felt that the advisories pro-
vided by the graphic marker and the DICE count-

down display formats resulted in more precise spac-

ing than they were able to accomplish unaided.

Responses indicated some reduction in attention to
aircraft-to-aircraft spacing for the graphic and DICE
formats relative to the manual procedure. Tile re-

sponses between "affected" and "strongly reduccd"
were: 5 for 170GM, 5 for 210GM, 6 for 170DICE,
and 7 for 210DICE. In terms of clutter, the con-

sensus was that the additional information provided

on the display by the FASA's did not present a

problem; this was true cvcn for the centerline slot
markers which were continually displayed along the

final-approach course up to the final-approach fix.
Relative to preference for the DICE or for a straight

clock countdown, two responses preferred the clock

countdown, four preferred the DICE, and the remain-

ing six indicated either countdown would bc accept-

able. For both speed procedures, adapting to using
the formats was easy for all subjects in the graphic

marker case and most subjects (8 at 170 knots,

I0 at 210 knots) for the DICE. Adapting to us-

ing the slot marker was difficult for half the sub-

jects in the 210-knot procedure and for most sub-

jects (nine) in the 170-knot procedure. Most subjects

(9 at 170 knots, 10 at 210 knots) felt the slot marker
provided useful information. However, the task of
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mergingaircraftwith theirslotswasconsideredtobe
difficult,particularlyin the170-knotprocedure.Ac-
cordingly,aslimmajority(seven)felt that advisories
to assistin mergingaircraftwith their slotswould
be helpful. For both the 170-and210-knotproce-
dures,eightsubjectsindicatedthat their attention
to aircraft-to-aircraftspacingwasbetween"affected"
and "stronglyreduced"whenusingthe slotmarker
displayformat.In themanual/ARTSIII format,for
bothspeedprocedures,all subjectsfeltthat theland-
ingsequencewasapparentbasedontheflowfromthe
automation/feeder.Recallthat thetraffic flowwas
organizedandregulatedby theautomationprior to
the final sector. Accordingly,mostcontrollers(10)
felt that little effortwasrequiredto "set up" the
landingsequence.

Questionnairesfor relativelyrating the display
formats(formatsof onlythe170-knotprocedure,for-
matsofonlythe210-knotprocedure,andall thefor-
matsof both the 170-knotand210-knotprocedures
together)weredesignedto acquirefromthesubjects
their relativerankingof theformatswith respectto
threespecificcriteria: "workloador effortrequired
to usethe format," "easeof adaptingto or learning
to usethe format,"and"amountof helpor benefit
in spacingtrafficon final." In all cases,the follow-
ingsameFASAorderof preferenceresulted:graphic
marker,DICE,andslot marker.Additionally,when
ratingall theformatsof boththe 170-and210-knot
procedurestogether,in everyformatcase,themean
ratingsindicatethat the 210-knotformatwaspre-
ferredoverthecorresponding170-knotformat.This
resultwasconsistentwith that of thecomparisonof
difficultyquestionfor the two speedproceduresof
eachdisplayformat.Thenumberof controllersrat-
ing the 210-knotprocedureasequalto or lessdif-
ficult than the 170-knotprocedureswere12for the
slotmarker,10forthemanual,9 forthegraphic,and
9 for theDICE.

Finalquestionnaireresponsesanddebriefingcom-
mentsindicatedthat, overall,subjectsfelt that the
simulationwasreasonablyrealisticandthat boththe
airspace/proceduralandformatbriefingswereade-
quate.Subjectsstronglyreiteratedtheirsupportand
enthusiasmfor havinga computeraidthemin per-
formingthe final controller'sjob. In termsof the
formats,the mostpositivecommentswerereceived
for thegraphicturn marker.In general,subjectsfelt
that thegraphicmarkerwaseasyto useandprovided
informationinaneasyto interpretmanner,requiring
a minimumamountof adaptation.Theslotmarker
wasgenerallyperceivedto be the mostdifficult of
the aidsto adaptto, the mostdifficult to use,and
requiredthemostconcentration.In termsofthepo-
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tentialeffectsof usingFASA's,concernswereraised
that controllerswouldreact to the FASA'sinstead
of formulatingtheir ownplanand therebybecome
"robots."Othercommentsreflecteda widerangeof
ideasonthepotentiallong-rangeimpactof automa-
tionaids.Severalsubjectsfelt that theirprofessional
careerswouldbeprolongedbecauseofworkloadand
stressreduction. However,severalothersfelt that
prideandjob satisfactionwouldbe takenaway,and
thepossibilitywasraisedthat theuseofautomation
aidsmightrequirechangingthepersonalitytypeof
individualsthat arerecruitedto becontrollers.

7. Concluding Remarks

Measuredresultsresolvedthe TATCA issueof
whetheraFASAis beneficialif theTATCAautoma-
tion (CTAS)hasalreadyorganizedand tentatively
spacedarrivaltrafficprior to thefinal sector.Some
FASA'ssignificantlyimprovedthe runwaydelivery
precisionand reducedthe averagevectorsper air-
craft relativeto the unaidedformatwhenboth the
FASAandtheunaidedformathadTATCAautoma-
tionactonthetrafficbeforethefinalsector.Depend-
ing onwhichpattern-speedproceduresareassumed
in a basicsinglerunwayarrivalbenefitanalysis,the
improvedprecisionof a FASA,suchasthegraphic
marker,has the potentialto increasethe TATCA
IMC arrivalratesomewherebetween6 and 16per-
centoverthat of a TATCAsystemwithoutaFASA.
Additionally,for theslowerpattern-speedprocedure
tested,therewassignificantworkloadreductionsfor
the graphicmarkerformatrelativeto the unaided
case.Amongthe formatstested,the abovepoten-
tial benefitsappearfeasiblewithoutthesubjectcon-
trollersperceivingaproblemwith thepossibledraw-
backsof FASAinterface,namelydisplayclutterand
fixation.

If FASA'scouldimprovethefinalcontroller'sper-
formance,thenwhichoffersthe mostbenefit?Two
typesofdirectaid (graphicmarkerandDICEcount-
down)andonetypeof indirectaid (centerlineslot
marker)weretested.ThegraphicmarkerandDICE
countdownaidsweresuperiorin measuredperfor-
manceandalsopreferredby thecontrollersubjects
overthe centerlineslot markeraid. Althoughthe
objectivemeasuresof performancefor the graphic
markerandfor the DICE countdownformatswere
closein value,however,thesubjectiveevaluationin-
dicatedaconsensuspreferenceforthegraphicmarker
format.

Experimentalfindingsare relevantto the issue
of whatpattern-speedprocedureis usedin the final
approachareaof a TATCA-aidedTRACON.Two
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representative pattern-speed procedures (170 knots

and 210 knots with speed control aiding on final)

were tested. The slower speed procedure was rep-

resentative of many high density TRACON's where
the practice, in heavy demand periods, is to reduce

aircraft to slower pattern speeds before the turn-

to-final or even earlier in the approach in order to

achieve aircraft performance compatibility and pro-
vide planning time to organize traffic. At less heavily

loaded terminals or at high density terminals during

nonpeak periods, aircraft are often kept at a higher

pattern speed, until after turned to final, before be-
ing slowed to a lower pattern speed. The experi-

mental approach taken was to simulate this higher

pattern-speed profile with dense traffic and, in the

FASA formats, use automation to indicate the de-

sired position or time, oil final, to perform the nom-
inal 210-to-170-knot speed reduction. There were

significantly improved delivery precisions measured

with tile 210-knot pattern-speed procedure for every
format relative to its corresponding 170-knot format

precisions. Even though requiring an extra speed-

reduction control action per aircraft approach, as a

group the 210-knot procedure formats did not have
heavier TLX-determined workload than the 170-knot

procedure formats. In addition, via three separate

ranking criteria (workload, ease of adapting, and

benefit to spacing), when all the formats of both
speed procedures were ranked together as a group,

the mean subject ratings of the 210-knot formats

were preferred over their corresponding 170-knot for-
mats. Note that further study of the graphic marker

speed reduction symbol is needed, since a significant

minority (5 of 7 controllers) felt that the workload for

the 210-knot graphic forlnat was heavier than for the
170-knot graphic because the speed symbol was not

sufficiently conspicuous. Overall, these findings indi-

cate the potential for future consideration of FASA

speed control aiding at facilities where higher pattern

speeds are practical after the base-to-final turn.

This study employed several objective and sub-

jective measures to gain an in-depth and broad per-
spective on relative FASA performance and also to

cross-check findings. In this pursuit, the applica-

tion of an oeulometer to gather controller lookpoint

data was somewhat of an innovation in reported
ATC display research. Unlike fixed-position cock-

pit instruments, in previous NASA pilot scan stud-

ies, aircraft locations are constantly moving across

the controller's display. Postprocessing algorithms

were developed to correlate stored lookpoint coordi-
nates with corresponding displayed information on

the PPI from ATC simulation data. ATC specific

lookpoint measures were also defined. These tech-
niques and software were detailed in a separate re-

port (NASA CR-191559) for possible use in other
ATC display research. Worth mentioning was the

reaction of the subject controllers to the oculometer

technology upon viewing video tapes from an earlier
data run of theirs with their own lookpoint electron-

ically superimposed on the PPI scene. They were

fascinated with observing their eye-scanning behav-

ior and could instantly describe what was happening
and why. All subjects suggested this capability had

great potential as a diagnostic and teaching tool in

the training of air traffic controllers.

NASA Langley Research Center
Hampton, VA 23681-0001
December 20, 1993
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Appendix A

Implementation of 210-Knot Pattern-Speed Procedure

A.1. General Description

TheTINIER(traffic intelligencefor the managementof efficientrunway-scheduling)modelis discussed
in reference6 for constant-approachpattern-speedoperation.This appendixaddressestheenhancementsto
theTINIERsimulationprogramemployedto providerealisticflight-timeestimatesfor higherpatternspeed
operationwithatimedspeedreductionfollowingthebase-to-finalturn. Withoutthesealgorithmenhancements,
successivedirectcourseerror (DICE) valuecomputationson whichthe final-approachspacingaids(FASA)
displaysstudiedarebasedareunstablein certainsituations.

A.2. Base-Leg Vector-DICE Algorithm in 210-Knot Procedure

A DICEadvisoryalgorithmin its basicformprovidesa numericfeedbackto helpanair trafficcontroller
to timethe deliveryof a controlmessage(e.g.,a turn vectormessage)to thepilot of anaircraftunderhis
or hercontrolfor meetinga schedule.Thus,a vector-DICEalgorithmcomputes,ona regulartime interval,
the estimatedtimeof arrival (ETA) at the runwaythresholdassumingthe vectorcontrolmessageis to be
issuedimmediately.ThisETA is, in general,earlierthan the scheduledlandingtime (SLT)asvector-DICE
calculationsusuallystartwellbeforethetimeto turn. Their difference,SLT - ETA,givestheerrorin arrival
timeat therunwaythresholdcalledtheDICEvalue(DICEV)whichwouldresultif thevectorturn wasmade
immediately.EachsuccessiveETAcomputationgivesasmallerDICEV,andthis trendof decreasingDICEV
preparesthecontrollerforthedeliveryof thecontrolmessageto coincidewith thepointwhenDICEVreaches
zero.

To add a graphical aid to the numerical DICE advisory mechanism, a graphical marker needs to be placed
at a scheduled point to turn, that is, at thc point where DICEV reaches zero. A simple way to estimate

the location of this point with respect to the aircraft position is to use the concept of ETA_GAIN, which is
defined as the amount of ETA increase for each unit of elapsed time while tile turn is delayed. In other words,

ETA_GAIN gives the slope of the changing DICEV with rcspect to elapsed time. Thcrcforc, at the current time,

T_NOW, given the ETA_GAIN, the current ground spced of thc aircraft VII, and the current computation of
its ETA and SLT, the amount of time that must be delayed in issuing the vector command can be estimated

by
T_TO_GO = (SLT - ETA) �ETA_GAIN = DICEV/ETA_GAIN (A 1)

And, the position of the graphical marker to issue the vector command is at a distance, D_TO_GO, ahead of

its current position on the projected path:

D_TO_GO = VH(T_TO_GO) = VH(DICEV)/ETA_GAIN (A2)

ETA_GAIN can be estimated in either of the following two vcays:

1. ETA_GAIN can bc cstimatcd from the change of the path geometry as the result of the turn. For example,

in the downwind DICE where the downwind leg is parallel to the final-approach path but is flown in the

oppositc direction, the gain is 2.0 if the speed is the same on the part of both legs which are lengthened

because of the delay of the turn. If the speed on the final leg is less than the speed on downwind leg, as
is true with the 210-knot approach pattern speeds when the aircraft is abeam of the minimum intercept

point (MIP), the gain is increased by an amount due to speed difference, that is, 2 + (VH - VL)/VL, where
VH is the aircraft ground speed on the downwind leg and VL is the ground speed on the final approach.

However, an enhanced speed profile in the final approach region in the 210-knot version (to be described

later) makes significant deviations from this calculation especially for ETA_GAIN in the base-leg-vector

DICE computations.

2. ETA_GAIN can be estimated from the differences of ETA's computed at (any) two different times under

the same condition

ETA_GAIN = (ETA_I - ETA_2)/(TIME_I - TIME_2) (A3)
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The second method is better than the first approach as ETA computations incorporate all the specific details

on path geometry and speed profile of an aircraft. However, taking differences makes ETA _GAIN sensitive to

any system noises such as those in the radar-acquired positions and ground speeds of the aircraft used as initial
conditions in ETA computations. For example, consider the case in which ETA's computed on successive scans

are used in estimating the ETA_GAIN in the DICE turn on the base leg where the geometric path gains are

near 1.0 and flight time to the runway is on the order of 200 scc. A mere 1-percent error in the cstimated flight

time due to radar position noise from one scan to the next will result in a 2-sec noise in ETA differences for

each 4-see scan and that gives a 50-percent noise level in the computed ETA GAIN. Therefore, when ETA's
from successive scans are used for estimating ETA_GAIN's in TIMER, a smoothing algorithm is applied to
filter out influences from the radar noise.

This basic approach of using ETA_GAIN to estimate the position of the graphical marker is usable as long

as the assumption of a linear model of ETA change with respect to time is valid. For base-leg vector-DICE in

the 210-knot version, the validity of this assumption is seriously eroded by the joint influence of two factors:

(1) predicted overshoot of the ILS localizer and (2) speed reduction after the base-to-final turn.

The first factor happens in those cases where the aircraft under the base-leg DICE advisory is so early

with respect to its schedule that an overshoot across the final-approach path is predicted to delay the aircraft's

arrival at the runway threshold. While the base-leg DICE path geometry normally calls for a 20 ° ILS intercept,

overshoot paths are variable-angle ILS intercepts aiming at the gate in 5° increments up to a 35 ° intercept

depending on the amount of delay needed. Thus, the values of ETA_GAIN in the overshoot regions arc

significantly different from those in the normal (undershoot) DICE region; furthermore, it is not even linear.

Figure A1 is a generic representation of the relationship between ILS-intercept paths and the ETA's that might
be computed using those segments. The left side of the figure shows several possible 20 ° intercept segments

that might be used in successive ETA updates. The change in ETA's for these segments is linear with respect

to time as can be sccn in the right side of the figure. The darker shaded lower part of the figure shows the
relationship between ILS overshoot segments and the nonlinearity of resulting ETA's. Referring to figure A1,

if the normal ETA_GAIN's (computed from successive ETA updates using the 20 ° intercept paths while the

aircraft is still flying toward final) are used to prcdict the time to turn (intersection of the dashed lines), thc
turn marker would be placed in an overshoot position farther ahead of the aircraft than necessary. As the

aircraft flies across the localizer centerline and ETA_GAIN's start to pick up values closer to the true gain

(nonlinear ETA gain region of fig. A1), the position of the turn marker shifts toward the aircraft to the correct

location. Sometimes, large and random noises in initial ETA_GAIN's cause the marker position to shift wildly

in a very annoying manner.

The second factor is due to the enhanced speed-reduction profile in the final approach legs (including the

ILS intercept leg) designed to enhance the controllability of the speed-DICE advisory which follows the base-to-
final vector-DICE advisory in the 210-knot procedure. The mandatory speed-reduction point is set at the MIP,

2.0 n.mi. upstream from the gate. In order to allow aircraft to maintain higher speeds on the final-approach

leg for as long as reasonable while reserving some catch-up capability, vector-DICE ETA computations (all
downwind DICE and all base-leg DICE except when overshooting final is predicted) assume a nominal speed-

reduction (to i70 knots) point at 2.0 n.mi. from the MIP (i.e., 4.0 n.mi. from the gate). This reserves about

8 see of catch-up capability the amount of ETA difference if an aircraft maintains 210 knots all the way to
MIP instead of decelerating at the nominal speed-reduction point. This also, in all except for the minimum

eastern arrival base leg, allows 3 n.mi. or more froin the end of base-leg DICE turn to the nominal speed-

reduction point for delay capability. This allows the speed-DICE marker to be positioned well ahead of the

aircraft after the base-to-final turn for the controller to respond to. However, if an aircraft on its base leg is so

early that TIMER predicts and advises that overshooting the final is needed for delay, it makes sense that some
or all of the delay capability in the speed-DICE phase should be used on the base leg to reduce the amount of

overshoot. Thus, if all delay, capability in the speed-DICE phase is to be sacrificed for the sake of reducing the

amount of overshoot, the ETA computation would assume that the aircraft is to reduce speed right after the

DICE turn instead of at the nominal speed reduction point farther down the path. This usage of a different

speed-reduction profile in the overshoot region from that in the undershoot region causes the ETA_GAIN in
the overshoot region to deviate farther from that in the undershoot region.

To achieve the goal of deriving a stable and accurate DICE advisory, the following multistep refinements in

the base-leg vector-DICE algorithm are implemented in the 210-knot pattern-speed procedure:
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StepI:

Step2:

Step3:

At thestart of thebase-legDICEadvisoryandall subsequentadvisorieswhileanaircraftis still in
the normal undershoot region (i.e., while the aircraft is still flying toward final), compute the ETA

with the assumption that the aircraft is to make the base-to-final turn immediately this is the same

ETA computed in the basic vector-DICE. Use the nominal speed-reduction point in the speed profile

for the final-approach leg. If this ETA is close enough to the SLT of the aircraft, say within one-half of
a scan interval, then the recommended vector turn is imminent and no more computation is needed.

If this ETA is later than the SLT, then the aircraft has already passed its recommended vector-turn

position and no more computation is needed. Otherwise, proceed to compute additional ETA's. If

the aircraft has already flown across the final-approach course and is in the overshoot region; proceed

to step 4.

Compute ETA FINAL_VL with the assumption that the aircraft continues its present course until

reaching a point in time T FINAL when a direct turn onto the final-approach course can bc made. If

its present speed VH is above VL (170 knots), then assume an immediate speed reduction to 170 knots

right after the turn. ETA_FINAL_VL gives tile latest time the aircraft can make without overshooting
the final.

Step 2.1: If the SLT is later than ETA_FINAL_VL, then overshooting the final approach course is
predicted; proceed to step 4.

Step 2.2: Otherwise, compute ETA_FINAL VH at T_FINAL, with the assumption that a speed
reduction at the nominal speed-reduction point. (If VH is less than or equal to VL, then
ETA_FINAL VH is the same as ETA_FINAL_VL.)

Step 2.2.1: If the SLT is between ETA_FINAL_VH and ETA_FINAL_VL, then T_FINAL
is where the turn marker advisory should be placed and

T_TO_GO = T_FINAL - T_NOW (A4)

Proceed to the final step 5.

Step 2.2.2: Otherwise, proceed to step 3.

The SLT is between the ETA (turn to 20 ° ILS intercept at T_NOW) and ETA_FINAL_VH (turn to

final at T_FINAL). Compute the ETA-gain in the undershoot region by interpolation:

ETA_GAIN_UNDERSHT = (ETA_FINAL_VH - ETA)/(T FINAL - T_NOW) (A5)

From the ETA-gain, compute the time-to-go before the turn should be initiated by

T_TO_GO = (SLT - ETA)/ETA_GAIN_UNDERSHT (A6)

To make certain that this is a usable solution, compute the ETA, ETA_SOLN, assuming that
the aircraft is to turn at T_SOLN = T_NOW + T_TO_GO and assuming the nominal speed pro-

file on final. If ETA_SOLN is within the threshold delta of SLT, then proceed to step 5.

Otherwise, the ETA_GAIN_UNDERSttT and T_TO_GO is refined one more time by using either

[(ETA, T_NOW), (ETA_SOLN, T_SOLN)] pair or [(ETA_SOLN, T_SOLN), (ETA_FINAL_VH,

T FINAL)] pair, depending on whether the SLT falls on the interval (ETA, ETA_SOLN) or on

(ETA_SOLN, ETA_FINAL_VH); that is,

Step 3.1: If ETA < SLT < ETA_SOLN, then compute

ETA GAIN_UNDERSHT = (ETA_SOLN - ETA)/(T_SOLN - T_NOW) (A7)

T_TO_GO = (SLT - ETA)/ETA_GAIN_UNDERSHT (A8)

52

i[l[:iti



Step 3.2: Otherwise, ETA_SOLN < SLT < ETA FINAL_VH; compute

ETA_GAIN UNDERSHT = (ETA_FINAL_VH - ETA_SOLN)/(T_FINAL - T_SOLN) (A9)

Step 4:

T_TO_GO = (SLT - ETA_SOLN)/ETA_GAIN_UNDERSHT (A10)

In either case, proceed to step 5. Note that with adequate computing power, this itcrative

process can be continued to improve the solution.

This step is taken when SLT is found to be later than ETA_FINAL_VL in step 2 or when the aircraft

is already in the overshoot region and its SLT is still later than its ETA. Compute ETA_MAX at
T_MAX assuming the maximum overshoot path (a 35 ° ILS intercept at the gate) and slowest speed

profile (deceleration right after the base-to-final turn).

Step 4.1: If the SLT is greater than ETA_MAX, then ETA_MAX is the best solution. In this case,
set

T_TO_GO = T_MAX - T_NOW (A11)

Step 4.2: Otherwise, ETA < SLT < ETA_MAX. Interpolate to find the overshoot path (closest

5 ° interval) to meet its SLT:

ETA_GAIN_OVERSttT = (ETA_MAX - ETA)/(TAIAX - T_NOW) (A12)

T_TO_GO = (SLT - ETA)/ETA_GAIN_OVERSHT (A13)

Step 5: Having computed T_TO_GO, delta time from T_NOW, the final step is to compute the distance ahead

of the aircraft D_TO_GO where the turn marker is to be placed and the equivalent DICE value at
T_NOW:

D_TO_GO = VH(T_TO_GO) (A14)

DICEV = T_TO_GO (ETA _GAIN) (A 15)

where ETA_GAIN is either ETA_GAIN_UNDERSHT or ETA_GAIN_OVERSHT, depending on which

region the SLT falls. Although the DICEV is no longer equal to SLT-ETA, it gives a steadier
countdown and reaches zero at the solution point.

This refinement, yields a more stable and correct turn marker position because

1. A more correct ETA GAIN is used in deriving the solution

2. ETA_GAIN is computed by using ETA's computed in the same scan; the radar noise in parameters such

as aircraft position and ground speed has the same influence in tile ETA computations, and when a

difference of ETA's is taken, the effect of the noise tends to cancel out yielding the change of ETA due
to path differences only. Also, tile ETA differences are taken over a larger time interval than the scan
interval which fllrther stabilizes the results.

A.3. Speed-Reduction Advisory Algorithm in 210-Knot Procedure

The speed-DICE advisory mode is invoked by TIMER control logic on an aircraft that

1. Has completed its base-to-final turn to either an ILS intercept heading or the final-approach heading

2. Has not crossed the minimum intercept point (MIP) on final

3. Has an indicated air speed greater than 170 knots

The speed advisory consists of either

1. A speed-DICE count-down with the value of zero marking the time when the controller should issue a

speed-reduction message to the pilot

2. A circular graphical marker on the projected path of the aircraft under control marking the point where
the speed-reduction message should be delivered
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Thespeed-DICEcountdownvalue,calledDICESP,isrecomputedduringeachequivalentradarsweepupdate

1. The ETA at the runwayassumingan immediate(after a predefinedverbalmessagedeliverytime)
decelerationto 170knots

2. ThedifferencebetweentheETAandtheTIMER-maintainedSLTwhichgivesthecurrentDICEvalue;
that is,

DICESP= - (SLT- ETA) (A16)

Notethat thedifference(SLT- ETA) for speed-reductionadvisoriescountsup insteadof downbecauseas
the speedreductionis delayed,successiveETA'sdecreaseinsteadof increaseasin vector-DICEupdates.
Therefore,DICESP'sare negatedto maintainthe "countdown"philosophyconsistentwith vector-DICE
updates.

Thepositionof thespeedgraphicalmarkerisderivedoneachscanbytheusageoftheconceptof ETA-gain
dueto speedchange,thecomputationof whichisdescribedasfollows:

1. Let VH be the currentgroundspeedandVL be the groundspeedof 170knotsIAS at a projected
altitudeof 7200ft at thegate(notethat VH mustbegreaterthanVL for thespeed-DICEmodeto be
activated)

2. Let T_DECELandD_DECELbe thetimeanddistanceneededfor thedecelerationfromVH to VL

3. Let D_DELTAbethedistancefromthecurrentpositionof theaircraftto be traveledat VH beforethe
decelerationfromVH andVL is to takeplace

4. LetT_TO_ItNWYbetheremainingestimatedflight time(to runway)afterD_DELTAandD_DECEL

5. Let T NOW be the current time (adjusted by the message delivery time)

Then, tile ETA for a delayed deceleration ETA VH is

ETA_VH = T_NOW + (D_DELTA/VH) + T_DECEL + T_TO_RNWY (A17)

On the other hand, the ETA based on immcdiat, e deceleration from VH t,o VL is

ETA = T_NOW + T_DECEL + (D DELTA/VL) + T_TO_RNWY (A18)

Therefore, the change in ETA brought about by delaying the issuing of the deceleration command (until after

D_DELTA) is

ETA_DELTA = ETA - ETAVH

= (D_DELTA/VL) - (D_DELTA/VH)

= D_DELTA { (VH - VL) /[VL (VH)] } (A 19)

The time delay corresponding to D_DELTA, T_DELTA, is simply the amount of time for the aircraft to

travel D_DELTA at the present speed VH, that is,

T_DELTA = D DELTA/VH (A20)

Thus, ETA_GAIN, defined as the amount of ETA-change due to delaying the deceleration command by a unit

time, is
ETA_GAIN -- ETA_DELTA/T_DELTA = (VH - VL)/VL (A21)

Now, if SLT is the target time to meet and assuming that SLT is earlier than ETA, the amount of time that
must be delayed in the issuing of the speed-reduction command can be cstinmted by

T_TO_GO = (ETA - SLT)/ETA_GAIN = DICESP/ETA_GAIN (A22)
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Thepositionof thegraphicalmarkerwherethespeed-reductioncommandshouldbegivenis at a distance
D TO_GOaheadof theaircraftoil its projectedpath:

D_TO_GO= VH(T_TO_GO)= VH(DICESP)/ETA_GAIN (A23)

Theaccuracyof thiscomputationdependsuponthefollowingassumptions:
1. ThedecelerationtimeanddistancefromVH to VL arethesamewhetherthedecelerationisperformed

nowor at a latertime

2. ThegroundspeedremainsconstantduringthetimeT_DELTA
Althoughtheseassumptionsare,in general,not true becausean aircraftmaychangeits altitudewhile

holdingits indicatedair speedandmayevenchangeits heading(for example,froman ILS-intereeptheading
to thefinal-approachheading),the effectsof thesedeviationsfromthe assumptionsarcrelativelysmalland
do not affectthe usefulnessof the computationresults.Furthermore,the DICE processis a self-correcting
process.Theclosertheaircraft is to its speed-reductionpoint, themorecorrectarethe initial values,such
astheheadingandaltitude,andhence,VH andVL, andtherefore,themorecorrectthecomputedETA and
DICESPare.

In thefinalimplementationof thisalgorithmin TIMER,thefollowingrefinementsareused:
1. With anETA_GAINof about0.25for aspeed-changefrom210knotsto 170knots,anysmallerrorin the

computationof ETA is amplifiedfourfoldin the finalvalueof D_TO_GOandthis resultsin undesirable
shiftingof the graphicalmarker.In orderto obtaina morestableETA, a straight-lineprojectedpath to
therunwayat thefinal-approachheadingisusedregardlessof whethertherewill bca changein headingof
theaircraft(e.g.,turningontothelocalizerfromanILS-intereeptheading).

2. Topreventthecontroller'sdisplayfrombeingclutteredbyalargenumberof graphicalsymbolsor confusion
asto whichaircraft theadvisoryis intended,thespeed-reductiongraphicalsymbolof anaircraft in the
speed-DICEmodewill not bcdisplayedif theD_TO_GOis greaterthan3.0n.mi.

3. A TIMER-inducedspeedreductionis forceduponthe aircraft if it crossestile MIP at a speedhigher
than that allowedat thegate.Thisemulatesreal-worldeventswherea pilot wouldeitherrequesta speed
reductionor initiatea discretionarydecelerationin preparationfor executingtheinstrumentapproach.

Sincetile ETA-gainis about0.25(for a reductionfrom210to 170knots),thereis abouta 1-seeerrorin
arrivaltimeat therunwaythresholdforevery4seeof errorin thespeed-reductionmessage-deliverytime. This
featureiswhatmakesthespeed-reductionadvisorysucha fine-tuningmechanismfor delivery-timeprecision.
Thetotal amountof controlavailableto varytheSLT,however,is fairly small. If oneassumesthat 5 n.mi.
areavailableafterthebase-to-finalturn beforethereductionto 170knotsmustbegin,thenthetotal rangeof
timecontrolisabout20see.(Thetimedifferenceto travelagivenapproachdistance,at a speedof 170knots
versus210knots,is about4see/n.mi.)
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Figure A1. Effect of ETA gain on position of predicted-overshoot graphic turn marker.
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Appendix B

Definition of Interarrival Error

B.1. Time-Based Control

Givena time-basedair traffic controlprocesswith a pair of sequentia]arrivalaircraftwith thefollowing
timerelations:

SLT I

r t
I

SLT2 I

[

ATA 2ATA 1

where

SLT1 and SLT2 scheduled landing times at runway threshold for aircraft 1 and 2 of a pair

ATA1 and ATA2 actual times of arrival of aircraft 1 and 2 at runway threshold

The delivery time errors of aircraft 1 and 2 at the threshold (At1 and At2) are defined by

At_ = ATA_ - SLT_ (B1)

At2 = ATA2 - SLT2 (B2)

with the delivery-time-error density distributions shown above.

The aircraft-pair interarrival time error (IAE) is defined as

IAE = At2 - At1 (B3)

which in terms of the aircraft pair SLT's and ATA's is

IAE = (ATA 2 - ATA1) - (SLT2 - SLT1) (B4)

IAE = (Actual separation time) - (Scheduled separation time) (B5)

Even though each aircraft of a pair has a runway threshold time error, if the time error is the same for both
(i.e., a constant bias), the IAE will be 0 and the pair separation will be correct. Thus, a spread of interarrival

time errors indicates variation in desired spacing and is the attribute of interest. IAE spread is characterized

by a statistical measure of dispersion about the mean, the variance, or its square root, the standard deviation.

B.2. Manual Distance Separation

Aircraft arc not apriori assigned individual scheduled threshold crossing times during manual control. When

aircraft are on instrument approaches, the controller concerns are with aircraft pair separations conforming to

the radar separation requirements in effect on final approach. The test subject controllers were instructed to

aim for minimum wake vortex separation. For tightly packed traffic we assume the controller is attempting
to maximize thc landing rate by kecping aircraft-pair separations to the minimum distance allowed. For this
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case,wecantreat theminimumrequiredseparationastheintendedor scheduledseparation.Whenthe first
airplaneof anaircraftpairis at therunwaythreshold,cxcessseparationAd1,2isdefinedby

Adl,2= (Actual separation) - (Required separation) (B6)

If we rewrite equation (B6) in terms of corresponding time separation, we get

Z_tl,2 = (Time to fly actual separation) - (Time to fly scheduled separation) (BT)

which is equivalent to equation (B5). Thus for manual data runs, an equivalent manual interarrival time IAE I

can be obtained. Knowing the aircraft threshold crossing times, tile final-approach speed, and the wake vortex
spacing requirement, IAE _ can be calculated from

IAE I = Atl,2 = (ATA2 - ATA1) - (Time to fly scheduled separation) (B8)

58

rlIj ili



Appendix C

Single Runway Theoretical Arrival Rate

C.1. Perfect Delivery Arrival Rate

is

u{g(x, = g(x,y)I(x,y)

with f(x, y) being the joint density function of random variables x and y.
discrete, we can write the mean or expectation of g(x, y) as

E{g(x, y)} = _ _ g(xk,y,_)p(_k,y_) (C2)
k n

where p(xk, Yn) is the joint: probability function of x and y.

For our case let i and j bc subscripts which are random variables, each which take on values between 1
and m where

77l

i

j

V

Let us define

In general when g(:c, y) is a function of 2 random variables x and y, then the mean or expectation of g(x, y)

(C1)

For the case where x and y are

g(i, j) =_ tij = Time interval between aircraft i and aircraft j when aircraft i is at
end of final-approach segment of length L.

For the situation when I/) >_ V/, tile minimum required separation Sij for that aircraft pair occurs when
aircraft i is at the threshold and is

lm

> v_): _ (caa)tij(Vj

For the case when V_ > Vj, tile minimum required separation Sij for that aircraft occurs when aircraft i is
at the beginning of the final-approach segment and the separation opens until aircraft i reaches the threshold
whcre

v) + L _ (Cab)

From equation (C2), we can write the mean interarrival-time spacing (tij) as

m /n

tij = E(tij) : E _-, tijPij (C4)
j=l i=1

where Pij is the probability that an aircraft pair will consist of aircraft type i followed by aircraft type j.

For independent arrivals and first-come first-serve sequencing

Pij = PiPj (C5)
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wherePi and pj are the probabilities of type i and type j aircraft being in the traffic mix. Thus equation (C4)
can simply be rewritten as

Wt m

j=li=l

and, for the situation when runway occupancy is not, a limiting factor, the average flow rate ), is

1
,t -- _ (C7)

tij

Bear in mind that the separation Sij used in the calculation of tij is the exact separation required. Therefore,
tile flow rate calculated in equation (C7) is for perfect delivery precision.

C.2. Effect of Interarrival Spacing Precision

An operational time-based scheduling system would separate aircraft by the minimum required plus
additional buffer separation to account for the uncertainty of aircraft delivery. If one assumes that the

uncertainty is Gaussian with a standard deviation of a, then we can determine the size of the average buffer

time t,_ needed to keep the probability of separation violation or error less than some specified probability

value PE. For the probability of violation PE less than 5 percent, we need a buffer time t B of 1.65a.

For both the overtaking (Vj _> V/) and opening (V/ > Vj) cases of a pair of aircraft on final, figure C1
illustrates the total separation scheduled by a time-based system as a function of delivery error buffer and

minimum required separation on final. The effect of interarrival spacing precision, parameterized by the

standard deviation of the spacing uncertainty (tij,a), can be determined by rewriting equations (C3) as

Sij

tij,a(Vj > I7i) = _ + 1.65c_

t_j,,(_ > vS) = _ + L
+ 1.65a / (ca)

For the situation when runway occupancy is not a limiting factor, the resulting flow rate with a time buffer t B
added to the spacing becomes

1
- (C9)

tij,a
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(a) Overtaking case when Vj k _.
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(b) Opening case when _ > Vj.

Figure C1. Illustration of time-based total separation as function of delivery error buffer and minimum required

separation for pair of aircraft on final with different speeds.
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Appendix D

FASA Learning Effect on Number of Vectors Issued Per Aircraft

Debriefingdiscussionsandcontrollercommentssuggesteda learningor trainingeffectafteroperatingwith
thegraphicmarkerandDICEcountdownformats.Afterusingthedirectautomationaids(graphicandDICE
formats),thereseemedto beatendency,amongthosesubjectswhousedintermediatevectors(cuttingcorners),
towardusingmoresquareddownwind/basevectors(classictrombonepattern) in subsequentmanualand
ccnterlineslot markerruns. The manualformatwasalwaysthe first formattestedin eachpattern-speed
procedure.

Thepurposeof thisappendixis to determinewhetherthevectorsperaircraftconclusions(section5.2)were
voidedif this learningeffectexisted._,Veassertthat thecomparisonsandtrendswerecorrectandif anything
the "true" meanvectorsperaircraftfor themanualandcenterlineslotmarkerformatswcrcsomewhathigher
than thoseshownin figure20. To supportthis assertion,thedatain figure20(a)wereseparatedby subject
controllersperformingthe170-knotprocedurefirst andthoseperformingthe210-knotprocedurefirst,asshown
in tableD1.

Thesedataappearto supporttheexistenceofa changein thevectorsperaircraftafterusingtheautomated
directaidsparticularlyforthemanualformat._zeuseda simplelinearmodelbasedonanobservedcondition
andanassumptionto estimatetheautomationlearninginfluenceonthemanualformat.Theobservedcondition
wasthattherewasaninherentdifferenceinthemeanvectorsperaircraftbetweenthe210-knot and the 170-knot

speed-procedure for the manual format. The assumption was that the learning effect for the graphic and DICE
formats was the same whether the subject controller was cxposcd first to the 170-knot speed procedure or the

210-knot speed procedure. An analysis using this assumption and a simple linear model is as follows:

VLM ---- Mean learning effect on manual format vectors per aircraft

VRM _- Mean reduction in vectors per aircraft in going from 170- to 210-knot pattern-speed procedure
for manual format

V170M/170 1st -- Mean vectors per aircraft of 170-knot manual format when 170-knot procedure was first

Yl70M/1702nd -_ Mean vectors per aircraft of 170-knot manual format when 170-knot procedure was
second

V210M/210 ]st _ Mean vectors per aircraft, of 210-knot manual format when 210-knot procedure was first

V210M/2IO2n d _ Mean vectors per aircraft of 210-knot manual format when 210-knot procedure was
second

The linear model is written as

V170M/170 1st - VLM -- VRM = V210M/210 2nd

V210M/210 1st - VLM + VRM : V170M/1702nd

Substitutlng values from table D1 gives

2.92 - VLM -- VRM ---- 2.11

2.46 - VLM + VR_.i = 2.38

Solving these simultaneous equations gives

VLM = 0.45 vector/aircraft

Two ways exist to estimate the vectors per aircraft for the 170-knot procedure manual format prior to any

learning effect. One is to use, as our estimate, the value of V170M/1701s t given in table Dl(a), which is

V170M/1701s t = 2.92 vectors/aircraft
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With the use of the value of Yl70M/1702nd given in table Dl(b), the other estimate is calculated from

V17OM/1702nd + VLM ----2.38 + 0.45 = 2.83 vectors/aircraft

We used as our best estimate of the 170-knot procedure, manual vectors per aircraft, prior to any graphic or

DICE format learning effect (V170M), the average of the above two estimates, which is

C/170M = 0.5(2.83 + 2.92) = 2.88 vectors/aircraft

Similarly, there are two ways to estimate the vectors per aircraft for the 210-knot procedure manual format
?.

prior to any learning effect. One is to use the value of r_ 210M/210 1st given in table Dl(b), which is

V210M/210 1st _ 2.46 vectors/aircraft

With the use of the value of V210M/2102nd given in table Dl(a), the other estimate is calculated from

V210M/2102n d -t- VLM = 2.11 + 0.45 = 2.56 vectors/aircraft

Our best estimate (V210M) of the vectors per aircraft for the 210-knot procedure manual format prior to any

graphic or DICE format learning effect, is the average of the above two 210-knot estimates, which is

A

V210M = 0.5(2.56 + 2.46) = 2.51 vectors�aircraft

Unlike the manual format, which was always first, the test position of the ccnterline slot marker in the

first pattern-speed procedure series varied from subject to subject. Sometimes the centerline slot marker was

performed immediately after the manual format and before subject exposure to tile graphic or DICE formats.
Other times the centerline slot marker was performed after both graphic and DICE formats and the subject

was exposed to a possible full learning effect. There was of course the intermediate case where tile centerline
slot marker was performed between that of the graphic and the DICE formats. As a consequence, obtaining

an estimate for the ccnterlinc slot marker vectors per aircraft, prior to a learning effect, was not as direct as
for the manual format.

Two assumptions were made in order to estimate the mean vectors per aircraft for the centerline slot marker
prior to a learning effect. The first assumption was that most of the learning effect had occurred during the

practice and data runs of both the graphic marker and DICE countdown formats in the first speed procedure

series and before starting the second speed procedure series. The second assumption was that the inherent
difference in mean vectors per aircraft between the manual format and the centerline slot marker format is not

changed by the learning effect. Using these assumptions, the difference between the mean vectors per aircraft

for the manual format (V170M/1702nd) and the mean vectors per aircraft for the centerline slot marker format

(V17oc/1702nd) after the learning effect has occurred is

V170M/170 2nd - V170C/170 2nd = 2.38 - 1.99 = 0.39 vector/aircraft

Using our best estimate of the vectors per aircraft for the manual format 170-knot procedure (_J170M), the

estimated vectors per aircraft for the 170-knot centerline slot marker format (_'170C), prior to any graphic or

DICE effect, was

V170C = V170M- (V170M/1702nd --Yl70C/1702nd)

= 2.88 - 0.39 = 2.49 vectors/aircraft

Similarly, the difference between the manual mean vectors per aircraft (Y210M/2102nd) and the centerline slot

marker vectors per aircraft (V210C/2102nd) , after the learning effect has occurred, is

__ w

V210M/210 2nd -- V210C/210 2nd = 2.11 -- 1.70 = 0.41 vector/aircraft
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Again using our best estimate of the vectors per aircraft for the manual format, 210-knot procedure (V210M),

the estimated vectors per aircraft for the 210-knot centerline slot marker format (V210C), prior to any graphic

or DICE effect, was

r¢210c= %oM - (V210M/2102nd- V210C/2102na)

= 2.51 - 0.41 = 2.10 vectors/aircraft

The result of this analysis supports the assertion that the subject controllers did change the mean number

of vectors per aircraft issued, for both the manual and centerline slot marker format, after being exposed to

the direct automation aid graphic marker and DICE countdown formats. This change was a mean reduction

of about 0.4 vector per aircraft for the manual format and about 0.3 vector per aircraft for the centerline

slot marker format. In addition, the analysis reinforced that all earlier mean trend comparisons were valid

(section 5.2), particularly that the graphic marker and DICE countdown formats had significantly fewer mean

vectors per aircraft than either the manual or eenterline slot marker formats.

Table D1. Mean Vectors Per Aircraft for Display Formats

I Subjects are divided according to testing order of speed procedures. To preserve anonymity,-

controller subject numbers have been randomized and bear no relationship to original
test order appearance; however, listed subject numbers are consistent for all report data.

(a) Subjects performing 170-knot procedure first

Controller

test subject

2

5

8

9

10

11

12

Mean

St dev

MAN

2.571

3.116

3.065

1.958

3.756

3.381

2.565

Mean vectors per aircraft

170-knot procedure first 210-knot procedure second

GM DICE

1.400 1.588

1.489 1.347

1.510 1.429

1.489 1.667

1.596 1.532

1.490 1.578

1.451 1.429

1.489 1.510

0.060 0.112

CSM

2.000

2.556

3.267

1.717

2.375

2.085

2.146

2.307

0.501

MAN

2.146

2.408

2.727

1.479

2.400

1.980

1.620

GM DICE

1.500 1.500

1.429 1.510

1.565 1.510

1.429 1.404

1.565 1.580

1.711 1.563

1.388 1.45I

1.512 1.503

0.111 0.061

CSM

1.755

1.804

1.250

1.457

2.022

1.956

1.633

2,916 2.109 1.697

0.598 0.449 0.274

(b) Subjects performing 210-knot procedure first

Mean vectors per aircraft

170-knot procedure second 210-knot procedure first

Controller

test subject

1

3

4

6

7

Mean

St dev

MAN GM

2.22,1 1.565

2.143 1.360

2.731 1.816

2.362 1.500

2.432 1.612

2.378 1.571

0.227 0.167

DICE

1.659

1.449

2.065

1.526

1.531

11646

0.246

CSM

1.933

1.932

2.356

2.089

1.638

1.990

0.262

MAN

2.580

2.327

2.843

2.404

2.136

2.458

0.268

GM DICE

1.592 1.630

1,667 1.420

1.565 1.520

1.429 1.426

1.383 1.540

1,527 1.507

0.118 0.087

CSM

1.729

1.898

2.490

1.938

1.714

1.954

0.316
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Appendix E

Lookpoint Data Recording, Development, and Analysis

E.1. Facility Description and Recording Methodology

The oculometer facility computes and stores a time history of eye-scanning events. The block diagram

(fig. El) includes the components of the system. The oculometer projects a collimated near-infrared beam of

light onto the subject's eye. The system depends on algorithms that can compute a lookpoint given the relative

position of two reflections from a single eye of the subject. The computer compares the large back lighted pupil
reflection to the much smaller and more intense corneal reflection. By using split image techniques, the system

directs the illuminating beam through ttle same tracking mirror system (block 4) that collects the reflected

images. It uses the angles of the two automatic tracking mirrors and the manually controlled focus of the

eye-camera optics to correct the lookpoint calculation for subject head position. The oculometer electro-optic

head (blocks 4 and 5) is located directly in front of the subject (block 8) and just below the simulated radar
display. This location is well outside the final controller's normal scan area, which is concentrated around

the center of the display. The subject can detect only a dull red light in the head's mirror system. For

the purposes of calibration and monitoring real-time performance, the system mixes (block 9) the computed

lookpoint position with the PPI video signal that is nonobtrusively recorded (block 11) from a repeater display

(block 10), also shown in figure E2. The resulting combined display (fig. El, block 12) contains a small circle
of light representing the lookpoint as it moves among the display symbols. An observer can monitor in real

time both system and subject performance by viewing this combined signal. A video recorder (block 13) stores

this signal on tape for postrun analysis.

Most of the components of the oculometer system are located in the Human Engineering Methods (HEM)

laboratory one floor below the TRACON simulation facility. Figure E3 is a photograph taken in the HEM

laboratory. In the background corner one can see a display monitor that has the mixed video with the controller

PPI display and the controller's lookpoint superimposed. The three 5-in. video monitors in front of the main

system operator (in the foreground) are used for system monitoring and control. (Details of these displays
do not show well in the photograph.) The left monitor is a duplicate of the mixed PPI/lookpoint display.

The central monitor shows the bright corneal reflection on the much larger and darker pupil reflection in the

background. The right monitor shows the subject's entire head. The operator uses this camera to observe
the subject and as an aid to recapture the subject's eye after losing track. The signal on the cathode-ray

tube above the monitors is the sweep from the eye camera used to determine the relative position of the two
reflections. The central narrow peak indicates the corneal reflection. The broader peak at about half-voltage

represents the pupil reflection and the low voltage baseline represents the rest of the eye. By keeping track of

video sweep count and timing when voltages cross specified levels, the system determines the center of each of

the two reflections and thus their relative position on the camera vidicon.

Figure E3 does not include the oculometer computer. However, it does show several of the digital readouts
and control inputs for the oculometer computer such as potentiometers, a standard typewriter keyboard, and

a joystick (under the operator's right hand). Their principal use is for prerun calibration, but the operator also

uses them to dynamically compensate for the subject's posture adjustments. The mirror tracking is automatic

and works well. The joy stick is a manual augmentation for the mirror tracking. The operator uses it to
override the search algorithm when the eye is out of track and the system is trying to reacquire. He does

not use the joy stick often but when used it speeds up reacquisition considerably. The operator controls the

mirrors, the eye camera focus, and collimated infrared beam intensity. The operator also determines and enters

system parameters during calibration. These include parameters to adjust for intersubject differences in corneal
curvature. The microcomputer in the background of figure E3 collects and stores the visual events in real time

in its random access memory. At the end of each run, the operator copies the records to a disk file for long-term

storage. Each record spans a variable time duration that is an integer multiple of the oculometer sample period

(30 samples/sec). There are four data fields per record containing lookpoint coordinates (2 dimensions), pupil
diameter, and time duration of event. For an out-of-track event, the system records lookpoint coordinates as

zero and stores a status code in the pupil diameter field. Once per rotation of the simulated TRACON radar,

that is, every fourth second, the system stores one other field on a second file. This field contains the sequence
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numberof the visualeventlast completedasthe ATC simulationradarframestarted.The datareduction
algorithmsusethis informationlaterfor synchronizingtherecordedsimulationdatawith theoculometerdata.

E.2. Data Reduction

Theeye-scanningeventfileandthePPI/oculometersynchronizingfilewerebothrecordedin theoculometer
facilityasdiscussedin sectionE.1. In addition,the ATC simulationsimultaneouslywrotea third realtime
file. This third file containedthestateof thedisplayincludingthepositionof aircraft,thetaginformation,
andthe stateof anycurrentlyactivegraphicaids.Thesimulationcomputerupdatedthedisplay"andsaved
oneof theserecordseachradarsweep.Postproccssingsynchronizedthe threefiles,that is, assignedeach
fixationto its correspondingradarsweep.Then,afilteringprocessreducedtheoculometerdata. It removed
a fewknownbad records(lessthan0.003percent)and someof the short (noise)out-of-trackrecords.In
addition,theprocesscombinedadjacentrecordsthat pertainto thesamefixationinto a singlerecordwith a
longerduration.Thispatternoccurred,for example,whena noiserecordor blink interrupteda fixation. A
separatereport(ref.22)documentsin detailthedatareductionprocessforapplyinganoculometerto anATC
controller-displayevaluation.Thereportalsodescribesthedetailsof thecomputerprogramsdevelopedforthe
collection,reduction,andanalysisof thedata.

E.3. Display Object Identification

After filtering,the Mgorithmsassignedeachmemberof the filteredset of fixationsto a displayobject
by searchingthe correspondingradarsweepdatal If theyfoundnodisplayobjectnearthe lookpoint,they
classifiedthefixationdisplayobjectasunknown.In orderfor a lookpointto becoupledwitha displayobject
thedistancebetweenthemhadto be lessthan0.57in. on thescreenor just over1n.mi.for thedisplayscale
usedin the experiment.In mostcases,if two displayobjectswerewithin this distanceof the lookpoint,the
algorithmassignedthefixationto thecloserof thetwo. Theexceptionwaswhenanaircraftwasverycloseto
its graphicturn marker,graphicspeedmarker,or centerlineslotmarker.In thosecases,the lookpoint,when
within 0.57in. of both the aircraftandthe FASA,wasassignedto an appropriatecombinationcategoryof
specialinterestin thisstudy.

E.4. Resulting Files

The"merge"filesresultingfromthispostprocessingdatareductionanddisplay-objectidentificationprocess
consistedof both in-trackandout-of-trackrecords,onefileper run. Themergefile fixationrecordscontain
the coordinatesof both the lookpointand the displayobject,aswellasthe distancebetween.Theyalso
containinformationonthestateof theFASA.Forexample,if thecontrollerwaslookingat anaircraftduring
aDICErun, therecordwouldcontainthecountdownandheadinginformationbutonlyif thedisplayprovided
that informationduringthat particularradarupdate.Thefollowingaremeansfromthe24(12controllersat
2 approach speeds) manual runs:

The mean number of records per run was 5648 after filtering

The mean in-track time was about 85 percent of total test time

The time for unknown display object fixations was about 8 percent of in-track time

The mean time duration for all fixations was 0.68 sec

These merge files are the basis for the lookpoint analysis presented in the main text.

E.5. Analysis

These merge files contain large amounts of data, typically over 600 000 bytes per file. There is a total of

9(; files excluding practice runs (12 controllers using 8 test conditions). These data were used to address two

general types of questions. The first type of questions concerns the scan pattern of the controllers: Where
are they looking and at what, and how do they budget their fixation time over types of display objects or

over areas (zones) of the display? This would be very difficult to determine objectively or accurately without
an oculomcter. The second type of question concerns the existence and identification of parameters in the
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scan pattern that are statistically sensitive to changes in the display. After establishing a correlation between

these changes in scan patterns and the display changes, the next step was to evaluate the implications of these

changes with respect to the merits of particular display characteristics.

E.6. Types of Statistics

In this study, three general types of statistics were examined:

1. Mean fixation time.

2. Percentages such as "in-track time as a percent of total time" or "time spent looking at aircraft as percent
of total in-track time."

3. Number of cross-check scans (CCS) and corresponding time spent as a percentage of total in-track time. A

CCS is defined as a succession of fixations on a pair of display objects. It represents an ordered scan pattern

which is alternating between the two objects of the pair, uninterrupted by a third display object or long
out-of-track time. For a pair of display" objects A and B, the lookpoint sequence A-B is counted as a CCS of

order 2, the sequence A-B-A is of order 3, et cetera. The occurrence of high-order CCS's is considered bad

because it indicates increased controller concern or information gathering. In this study, CCS's of order 2

to 4 and (5 or greater) were tallied. The cross-check scan measure is potentially a significant concept which

has not been formally documented by its originator, Randall L. Harris of the NASA Langley Research
Center.

These 3 types of statistics were accumulated for each display object and display object pair as well as for

display zones. Four zones in the terminal area were defined: downwind, base, final, and "everywhere else."

The zones are depicted in figure E4. A further breakdown of the statistics was based on the occurrence of an
event such as "while speed marker was on" or "while DICE was showing in data block."
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Figure El. Operational block diagram of oculometer system interaction with ATC simulation.
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Figure E2. Repeater display of final controller's PPI which was recorded for video mixing with oculometer

lookpoint coordinates.
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Downwind leg (zone 3)

Base leg (zone 2)

FAF

Final approach leg (zone 1)
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Figure E4. Illustration of zones defined on final controller's display for Iookpoint analysis. Zone 4 is everywhere

on display not defined by zones 1, 2, and 3.
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Appendix F

Controller Questionnaires and Responses

F.1. General Description

This appendix includes all questionnaires and responses (evaluations and comments) of the questionnaires

except the graphed results included in the main text and the comments from the verbal debriefing session.
In the interest of conserving space, instructions for completing each type of questionnaire are included only

once, and the print size has been reduced from that used in the original questionnaire. Types of questions and

sections they appear in are as follows:

Specific Format Questionnaires Combined Subject Evaluations and Comments .......... F.2

Format Questionnaires for 170-Knot Pattern-Speed Procedure ................ F.2.1
Manual Format .................................... F.2.1.1

Graphic Marker Format ................................ F.2.1.2
DICE Countdown Format ............................... F.2.1.3

Centcrline Slot Marker Format ............................. F.2.1.4

Format Questionnaires for 210-Knot Pattern-Speed Procedure ................ F.2.2
Manual Format .................................... F.2.2.1

Graphic Marker Format ................................ F.2.2.2
DICE Countdown Format ............................... F.2.2.3
Centerline Slot Marker Format ............................. F.2.2.4

Task Load Index Individual Subject Controller Results ..................... F.3

TLX Descriptio!l .................................... F.3.1

Individual Subject Controller Results ........................... F.3.2

Rating and Ordering Test Formats Questionnaire Only ..................... F.4

Comparison of Format Questionnaires for 170- and 210-Knot Pattern-Speed Procedures Subject
Evaluations and Comments ................................ F.5

Final Debriefing Questionnaire- Subject Evaluations and Comments ............... F.6

Researcher Topic Guide for Final Verbal Debriefing ....................... F.7

F.2. Specific Format Questionnaires Combined Subject Evaluations and Comments

This section contains the results of the format questions which wcrc administered at the completion of each

format data run. Each question is provided along with the number of responses for each of the five positions

along the graphic scale. All subject comments are also included.

F.2.1 Format Questionnaires for 170-Knot Pattern-Speed Procedure

F.2.1.1 Manual Format for 170-Knot Procedure

Note: For each experimental condition, the specific-format questionnaire was hcaded by a sct of instructions

(such as shown below). However for report purposes, these gencral instructions are not included in all
subsequent corresponding questionnaires requiring a simple response to a scale defined by end-point descriptors.
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SUBJECT CONTROLLER QUESTIONNAIRE

Condition - Manual Control (170 kts Final Turn)

Instruction: Carefully read each of the following statements, then on the associated scale enter an "X" in the box which

most closely represents your position, feeling, or judgment concerning the statement. Each scale has two endpoint descriptors

that define the scale. For example:

The representation of a TRACON operating under IFR conditions in the test environment was

unrealistic I 1[ 2 i 3 I 4 [ 5 Irealistic

Marking the box labeled "1° indicates you feel the test environment was seriously unrealistic. Box "2" indicates the simulation

was primarily unrealistic with a few realistic features. Box "3" indicates roughly equal number of realistic and unrealistic features.
Box "4" indicates the simulation was primarily realistic with minor shortcomings. Box "5" indicates the test environment was

realistic in representing an operational IFR TRACON condition,

There is room for additional comments below each scale. Any comments which clarify or explain your view will be helpful

information for our evaluation of controller opinion.

1. The simulation of a TRACON operating in IFR conditions (single runway configuration) during a moderate to busy

traffic period was...

unrealistic I 0 I 1 t 1 [ 9 I 1 [ realistic

Comments

• My only comment was separation on short final would normally be adjusted by tower for the final controller.

• No variable performance aircraft had to be mixed.

• Once the tower had the aircraft they could issue advisories on speed and even issue speed reductions to insure

separation.

2. Given the organization of traffic performed by the feeder and automation In this session, the landing sequence

was...

not obvious _ 0 I 0 ] 2 I 10 I readily apparent

Comments

• Feeder gave excellent spacing, but not too much interval between traffic.

3. In today's manual TRACON environment there is no automation to aid the feeder in organizing traffic for the final
controller. Given the aircraft spacing and organization performed by the feeder/automation interaction in this

session, the effort required to set up the landing sequence as compared to today's manual environment was...

greatly increased I 0 I 0 _-2 [ 7 I 3 I greatly reduced

Comments

None

4. Based on your experience with aircraff performance in IMC, the simulated aircraft flight paths and maneuvers

were...(Please Identify any deficiencies.)

unrealistic _ _ 5 J2_ realistic

Comments

• Due to the high altitude I felt the aircraft turns to final were somewhat slower than normal.

• Real pilots tend to miss more instructions.

• Aircraft inside the marker seemed to "DIE".

• I think the speed would change too much between 7 miles and 4 miles on final.
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5. Communication with pseudo pilots was...(Please identify any deficiencies.)

unrealistic I 0 I 1 [ 2 [ 2 I 7 [realisti c

Comments

• Compared to the real world the pseudo pilots here are very organized in their transmissions. In real life blocked
transmissions block out everything.

• About as good as simulation can be.

• A few times the voice disguiser made transmissions difficult to understand.

6. The interaction and coordination with the feeder controller were...(Please Identify any deficiencies.)

01113 6 2unrealistic [ ] =2___] realistic

Comments

• Would be easier with an interphone/intercom button.

• No landlines, buttons to press, other traffic diverting his attention.

7. The suitability of the simulated radar display to perform the required control task was...(Please identify any
deficiencies.)

I 0 J 0 J 1 I t [ 10 [adequateseriously deficient

Comments

• Unable to adjust to personal specs,
7 =

• It is adequate, but it obviously lacks the primary target and beacons control slash.

8. The initial 10rlef|ng and tralnlng on Denver airspace/procedures and the simulation Interface necessary to do a
representative job of controlling traffic was...(Please identify any deficiencies.)

seriously deficient I ° [ ° I ° I 3 [ 9 ladequate

Comments

• I would like to look at the ILS APP. charts and if you have them, the profile descent into Den.

9. Relative to my normal state of alertness, awareness, and responsiveness, while controlling traffic, I feel my state

in this session was...(If not normal, please indicate reason.)

Io1211ololol
below normal above normal

Comments _::; ,:: :

• I still am feeling my way around the airspace configuration and simulator characteristics.

• Overall concerned with trying to maintain proper position for oculometer.

10. Additional comments on performance or conditions, if any.

• Very enjoyable and educational so far.

• I felt a little helpless once the a/c were cleared for the approach because 1 couldn't have strung them out on the

downwind or separation without impacting the feeder.

F.2.1.2. Graphic Marker Format for 170-Knot Procedure

1. Adapting to the use of the graphic turn advisor was...

1 0 [ 0 I 0 I 0 I 12 I
difficult easy
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Comments

• Extremely valuable automation aid, it helped me be much more aware of all aspects of airspace and separation involved.

2. The turn positions indicated by the graphic turn advisor, as compared to the positions you would have turned

aircraft for spacing on final...

I 0101416
strongly differed

Comments

• They were probably more accurate then my own.

i2 I closely agreed

3. The tabular sequence list presented on the right of the display was... (If useful, how was it used?

useless 71---_-_ J-2 ] 2 I ° I veryuseful

Comments

• I never used the list once.

• Once again, I didn't use it.

• Checked sequence between ties.

• Referred to it occasionally.

• Hard for me to read - actually alpha numerics are on the whole smaller than I prefer.

4. Indicate how the graphic turn advisories (170 kts procedure) affected your workload, as a final controller, as

compared to manual operation (170 kts procedure) with no computer aid.

increased °L__° I 5 I 6 I reduced

Comments

• Greatly enhanced my ability to insure separation and give more quality turn-on's.

• Fewer decisions had to be made.

5. Indicate how the graphic turn advisories (170 kts procedure) affected your spacing on final approach as compared

to manual operation (170 kts procedure) with no computer aid.

less precise I 0 I 1 I 1 I 5 I 5 ]more precise

Comments

• There was less guess work and more evident or obvious spacing, and I was able to adjust spacing easier.

• The computer was more accurate,

6. In terms of display clutter, the addition of the graphic turn marker symbol to the display generated...

excessive clutter

Comments

• No real distraction in this environment.

no perceptible clutter

7. Relative to the point where aircraft were to be turned, the graphic turn advisories appeared ahead of the aircraft

at a distance that was...

tOOfar I--° I ° I 12 I ° I ° I tooclose

75



Comments

• Very acceptable distance.

• About right.

• Most of the time, the turns were good, but a few times the turns were off. The computer needs too much time to
recalculate when strange things happen.

8. Indicate how your focus on the aircraft/graphic-turn-marker position relationship affected your attention to aircraft-

to-aircraft spacing.

stronglyreduced1LLL-3- notaffected

Comments

• I was very confident in the automation and it never really hampered my attention to spacing.

• My scan was reduced, however, 1feel the graphic reduced my scan more.

9. Indicate how your focus on the aircraft/graphic-turn-marker position relationship affected your attention to the

overall traffic picture.

strongly reduced _ not affected

Comments

• I was more tuned to the final but overall no change.

• As I became comfortable with the system my scan was not affected. Initially I felt I watched the markers longer.

10. Having a numerical heading advisory along with the displayed graphic turn advisor would be...

undesirable 4 1 3 2 2 desirable

Comments

• It wouldn't change the fact that under normal conditions a controller is going to adjust to what suits him/her regardless.

• I think unnecessary would be a better word.

11. Havlng the graphic turn advisor displayed until aircraft completed their turn (to monitor turn performance) resulted
in...

excessive clutter 1 3 1 2 5 no perceptible clutter

Comments _:

• Again, in this environment no clutter at all.

• Once the turn has been issued the marker has served its purpose and no longer needs to be displayed.

• Occasionally I would have to look at the graphic turn advisor to see which aircraft it was meant for.

12. Rather than the graphic advisor made up of the three line segments, as used in the test, a different form of graphic

turn advisor format would be...(Please Indicate your preference if any. Some examples include a turn arc (_),

a symbol made up of two directed line segments (--I), or a simple symbol at the position along the path where

the turn instruction is to be issued.)

not preferable _ preferable

Comments

• The line segments are more distinguishable, therefore, they were more useful.

• No preference.
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• This seemed fine, but an arc may have worked well also.

• ARC - aircraft do not make 90 degree turns.

13. Relative to the final controller's job, indicate your reaction and feeling to having a computer suggest where aircraft

should be turned for spacing.

undesirable _-_-2 I 6 I desirable

Comments

• A very useful and stress reducing tool, I would work with it tomorrow.

• Personally I would not enjoy the job the way I do today. Working airplanes is fun, monitoring a CRT is boring.

• The computer is too rigid and takes too much time for recalculation.

14. Relative to my normal state of alertness, awareness, and responsiveness, while controlling traffic, I feel my state

in this session was...(If not normal, please Indicate reason.)

below normal I 010181311 l above normal

Comments

• I was curious to see my reaction to the automation, and was more relaxed and attentive with it, versus manual control.

15. Additional comments on performance or conditions, if any.

Comments

• This was the easiest to work with of the aids for me,

• In some cases it appeared that aircraft did not perform as expected when within FAF.

• I felt very comfortable with this format.

F.2.1.3. DICE Countdown Format for 170-Knot Procedure

1. Adapting to the use of the DICE turn advisor was...

difficult I 2 I 6 leasy

Comments

• More data block information than I'm used to working with, but it didn't deter my control.

• Felt that I could initiate my own turns - instead, I waited for prompts.

2. The times-to-turn Indicated by the DICE turn advisor, as compared to'the times you would have turned aircraft for

spacing on final...

strongly differed I 1 121 0-- closely agreed

Comments

• When I could accurately catch the turns they were very accurate, however, if it indicated I would be through the Iocalizer

I went with my own turns entirely with what I feel were better results.

• My tendency is to get aircraft established on final approach course further out, but this was good to see.

• When you had a situation out of the ordinary or an aircraft got extended, the computer did not give updated headings.

3. The tabular sequence list presented on the right of the display was...(If useful, how was it used?)

useless _ very useful
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Comments

• I never used it.

• I don't believe I referred to the tab list once.

• Detracted somewhat - it distracted my attention from the aircraft.

• It is annoying and distracting. It is another thing to look at. If you change the sequence, the tab sequence will confuse

you.

4. Indicate how the DICE turn advisories (170 kts procedure) affected your workload, as a final controller, as compared

to manual operation (170 kts procedure) with no computer aid.

increased I 1 I 1 I 3 I 3 I 4 Ireduce d

Comments

• Depending on the situation, if I had no distractions the turn advisor was a great tool. However, if I would have to

resolve a conflict in normal conditions away from final, it really didn't change my control of the situation, I'd tend to go

manually.

• Reduced my workload a great deal.

• I was sometimes concentrating too much on the prompts and less on the separation.

5. Indicate how the DICE turn advisories (170 kts procedure) affected your sDacin_ on final approach as compared

to manual operation (170 kts procedure) with no computer aid.

,essprecise I o lo l o__L_sL_ - - more precise

Comments

• With the advent of this software, my spacing was probably much better than manually.

6. In terms of display clutter, the DICE countdown and suggested heading value which are added to the data block,

generated...

excessive clutter I 0 [ 1 I 2 I 4 I 5 I no perceptible clutter

Comments

• Again in this environment it was no distraction. 1personally do not prefer a lot of writing in the data block.

7. Relative to the time when aircraft were to be turned, the DICE time-to-turn advisories appeared in the data block
at a time that was...

I ololt2lolol
to early too late

Comments

• I leaned toward my own headings when a/c were late to turn on, however, when there was no late turn, the advisory

was perfect.

• Adequate.

• Hard to tell - sometimes, I felt like I was turning at exactly the right time, but it seemed too late.

• Sometimes the countdown jumps too quick and it is tough to keep an eye on it. You end up focusing on this countdown
instead of scanning the whole scope.

8. Indicate how your focus on the DICE countdown value affected your attention to aircraft-to-aircraft spacing.

L__L_J4LI I s 1 1 l
strongly reduced ...... not affected

?8

Comments

• Aside from this simulation, if 1had to closely monitor final accuracy spacing, I would not have been able to use the

Dice as effectively.



• My scan was reduced to ensure I turned the a/c at the appropriate time.

• Initially, focus on the countdown rate seemed to take precedence over focus on actual spacing.

• At first I was double-checking but it seemed to be providing good spacing - so 1began to rely more on it and less on

myself.

9. Indicate how your focus on the DICE countdown value affected your attention to the overall traffic picture.

0_O__J__5__ not affectedstrongly reduced

Comments

• I tended to concentrate on getting the Dice advisor to do the work and at times it consumed most of my attention.

• The Dice offers the controller more time to become complacent.

• Distracted attention from overall picture. Less thinking and planning on my part involved.

10. Generally the base and final turn headings are predictable and constant. As an aid to the final controller, do you

feel the numerical heading advisories in the data tag were...

2 _ 4 2 2
unnecessary necessary

Comments

• I could see in bad weather this software would be a great assistance but in normal conditions I feel the controller will

trust his own headings.

• It's my feeling that depending on the a/c position from the airport and Iocalizer I could make the heading assignment.

• In the test environment it is needed but after working with the system, It could possibly be inhibited.

• The headings are nice to have.

• Probably not necessary but were helpful and utilized.

11. Rather than the DICE countdown format, as used in the test, a different form of time information In the data block

for suggesting the time-to-turn would be...(Please Indicate any suggestions for improving the display format.)

not preferable I 5 [ 1 I 4 t 2 [ 0--J preferable

Comments

• A slower type of countdown system. Instead of letting it go from 75 to 64 to 53 to 28, etc. have it start at 7,6,5,4,3,etc.

• Graphic position symbols.

12. Relative to the final controller's job, indicate your reaction and feeling to having a computer suggest when a

aircraft should be turned for spacing.

1 0 2 6 I 3 'undesirable _ -_ desirable

Comments

• I feel if the software is a viable concept and appeals to all I think it is greatly needed.

• While I was running the problem I tended to get a little bored. The Dice makes the job very easy and takes away from

my own personal satisfaction.

• It's a little tedious, but certainly reduces anxiety levels. Also have a tendency not to concentrate as hard.

• Would need more time to evaluate - maybe rd get used to it and choose on a case by case basis when it could be
valuable.

• It's desirable when you agree 100% with the computer evaluation. If you disagree, the computer does not seem to be

that much of a help.
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13. Relative to my normal state of alertness, awareness, and responsiveness, while controlling traffic, I feel my state
in this session was...(If not normal, please indicate reason.)

below normal 03621 above normal

Comments

• I found that because of the precise nature of this aid I had to be much more aware of my tasks.

• My alertness would compare to a slow session in the manual mode.

• It became a little tedious, but I don't believe in the real world it would be quite so, due to more human and uncontrollable
factors.

• It took me out of the decision-making process quite a lot - thereby, I was responding to more than initiating the traffic
flow.

14. Additional comments on performance or conditions, if any.

None.

F.2.1.4. Centerline Slot Marker Format for 170-Knot Procedure

1. Adapting to the use of the centerline slot marker was...

difficult _ easy

Comments

• Extremely hard process to make the scheduled "circle", I felt a little more adapted after the second run but not confident.

2. The sequence indicated by the centerllne slot marker, as compared to the sequence you would have chosen
without the slot markers...

stronglyd ffered 1 closelyagreed

Comments

• A couple of times, aircraft were inbound that I would have changed sequence on immediately, contrary to what the

centerline marker was instructing me to do.

• On two occasions I would have changed sequence.

• Except for one situation - I think that the sequence was what I'd have used.

• I would have changed the sequence 3 or 4 times.

3. Indicate how the centerline slot marker (170 kts procedure) affected your workload, as a final controller, as

compared to manual operation (170 kts procedure) with no computer aid.

increased _ reduced

Comments

• Greatly increased my workload by making me concentrate on final and spacing close in.

• Had to adjust to using it - after repetitive usage it would become more natural.

• The slot marker posed more of a problem at the 170 kt procedure.

• Probably would decrease workload when I become more used to working with it.

4. In the normal case (when slot markers were not noticeably shifted to adjust for spacing errors) vectoring aircraft
into their slot markers was...

difficult _ easy

8O
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Comments

• I had a hard time hitting the slot markers on a consistent basis. This of course could be different given more exposure
to it.

• Not easy, but manageable. I sometimes had to use additional vectors.

5. Indicate how often an extra effort was made to precisely center the aircraft in its slot marker.

never I 011 I 1 I 8 ! 2 lalways

Comments

• Often I had to adjust headings and speeds to compensate for centering.

• It was more difficult when the slot marker kept jumping backward because it thought the front aircraft would not hit the
slot marker.

6. In terms of display clutter, the slot markers displayed on the extended runway centerline generated...

0 2 2 4 4
excessive clutter I__0__J_.... _ _- _ no perceptible clutter

Comments

• No more or less than the other automation system.

7. Indicate how your focus on the aircraft/slot-marker-position relationship affected your attention to aircraft-to-

aircraft spacing.

strongly reduced _ not affected

Comments

• I concentrated much more on aircraft spacing than any other aspect this session.

• I was less likely to scan A/C inside the FAF.

• Somewhat reduced since my concentration was shifted to the slot rather than the aircraft.

8. Indicate how your focus on the aircraft/slot-marker-position relationship affected your attention to the overall

traffic picture.

strongly reduced I 1 1 3 I 3 I 5 I 0 ]not affected

Comments

• I was paying way too much attention to centering aircraft in their slots and spacing involved.

• I found I spent more time fine tuning my sequence to hit the marker. Without a marker I am much easier on myself if

I miss a hole by 1/4 mile.

• I just assumed the slot marker would hold separation down to the runway. In two cases it did not.

9. In spacing/sequencing aircraft on final, to what degree do you feel the slot markers provide useful information. (If

useful, how?)

not useful _ [ 2 5_---I useful

Comments

• My only feeling is it prompted me to turn aircraft to base much more expeditiously.

• Once a/c are on final, a marker could be used to make the separation, however, vectoring to intercept at the slot marker

I found too demanding.

• Help to focus on the position the aircraft should be on final.

• Determines your sequence. Make it easier to identify separation problems (too much or not enough).

• Gave aid in spacing.
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• In cases where I was ahead of the slot I was reminded to review spacing.

• Useful for separation at the runway threshold.

10. Rather than the centerline slot marker format, as used in this test, a different centerline format would be...(Please

indicate any suggestions for Improving the display format.)

not preferable _ preferable

Comments

• No change needed.

• A single line shown on final with a numeric value display a speed adjustment that would open or close the separation

to the minimum required separation. This would be displayed once the a/c are on the Iocalizer.

• I prefer the display.

11. Having additional aids (such as turn advisories, vector advisories, or speed advisories) to help me deliver aircraft

into their slot markers would be...(Please indicate your preference, if any.)

unnecessary _ desirable

Comments

• Maybe in addition to the slot markers also the line segments only if the slot marker were going to be something I had
to work with.

• If you had to have the slot marker, a graphic turn display would help.

• Not sure, I would have to try it. It would probably be too much to concentrate on slots, vector advisories, etc (too much

distraction).

• Graphic display.

• Headings could be helpful in some cases but not necessary. Some controllers might prefer that.

• Graphic markers.

12. Determining which aircraft were supposed to go into which slot marker was...

difficult I °E°ll[219Jeasy

Comments

• The slot markers explained very easily where aircraft were meant to be.

• Getting them there was the problem.

• Most cases seemed natural - I didn't need the tab list as in vector advisories (Dice).

• Sometimes the computer sequenced incorrectly.

13. Relative to the final controller's job, indicate your reaction and feeling to having a computer suggest where an

aircraft should be positioned on final.

Comments

None

undesirableI 0il i 1 1 6 I 4 Idesirable

14. Relative to my normal state of alertness, awareness, and responsiveness, while controlling traffic, I feel my state
in this session was...

below normal _ 3 l 2 I above normal

Comments

• This system takes all my alertness and awareness to perform properly.
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15. Additional comments on performance or conditions, if any.

Comments

• Have some way to change slots.

• Tended to mentally berate myself if I missed a slot - maybe that would lessen with continued usage.

• I felt it got away from me because I wasn't looking ahead to the sequence.

F.2.2. Format Questionnaires for 210-Knot Pattern-Speed Procedure

F.2.2.1. Manual Format for 210-Knot Proccdurc

1. Given the organization of traffic performed by the feeder and automation In this session, the landing sequence
was...

not obvious _ readily apparent

Comments

• The scheduling system is very accurate and the feeder position was excellent.

• The test should have a few sequencing decisions. It is unlikely that a controller would work this volume of traffic without
a tie.

• During the scenario there were maybe two or three instances where I had to make a judgement call as to which a/c

would go first.

• Feeder controller vectored inbounds as necessary to avoid possible conflicts.

2. In today's manual TRACON environment there is no automation to aid the feeder in organizing traffic for the final

controller. Given the aircraft spacing and organization performed by the feeder/automation interaction in this

session, the effort required to set up the landing sequence as compared to today's manual environment was...

greatly increased __--1_6_5 J greatly reduced

Comments

• Projecting ahead, I feel the automation interaction was better than I could have foreseen.

• Let's put it in at ORF.

• Most controllers do a good job of setting up a workable sequence.

3. Communication with pseudo pilots was...(Please identify any deficiencies.)

unrealistic 0 __L4_ realistic

Comments

• Realistically the communication sequence is not as organized. The pilots did well.

• Pilots responded accurately and quickly. You have to listen more carefully because of the computer generated different

type voice.

4. The interaction and coordination with the feeder controller were...(Please identify any deficiencies.)

unrealistic _ realistic

Note: One subject stated there was no interaction during the run and therefore did not respond.

Comments

• Although no verbal communication between us existed, this session of the interaction was very good in traffic flow.
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5,

• Didn't coordinate with feeder during this scenario.

• Didn't really use any this session, but in reality would use a lot.

• I only made a couple of coordinations, but they were timely and the feeder concurred.

During this data run, the procedure of 210 kts in the pattern followed by a normal reduction to 170 kts, after the
turn-to-final, was used. Indicate how this procedure compares to what you typlcally use during IMC, with moderate

to heavy traffic. (If different please explain.)

strongly differed _ closely agreed

Comments

• Personally I tend to reduce aJc much sooner, say on base leg or downwind instead of turn to final.

• I typically will reduce a/c prior to turning final unless I am running a long final in excess of 15 miles. I find it's easier to
sequence a/c with more compatible speeds.

• Traffic sometimes is slowed earlier during busy traffic.

• At Norfolk we often don't use/need speed reduction as in this situation. There are times we use it, but usually its for

air carriers succeeding twin or single engine a/c.

• A speed of 210 to 8.5 DME might be a little fast for some aircraft. You cannot have a 3 mile final for 30 miles using

this procedure.

• I tend to use speed reduction very often but towards the end of the problem it felt comfortable.

• Military, civil mix at ORF and changes greatly how you apply speed adjustments.

6. Given the traffiC situation during this test run, a pattern speed of 210 kts through the turn-to-final was .,(If not

acceptable, please explain.)

not acceptable _ 0 _ acceptable

Comments

• li kept the pattern moving and traffic flow was much more expeditious, however, it differs from what I do.

• For the most part it worked out fine however its final turn to final could be more precise if a/c are slowed to 180 -170

on base leg.

• The speed of 210 kts is very acceptable. They are easy to use when computing distances traveled.

7. Relative to my normal state of alertness, awareness, and responsiveness, while controlling traffic, I feel my state

In this session was...(If not normal, please Indicate reason.)

below normal {--°-I 2 I 6 I 3 I 1 I abovenormal

Comments

• I felt like I normally felt in a manual environment, no real change.

• I felt fatigued the second session.

• The fact that I was being watched made me be more aware and pay more attention.

• It is after all, a test scenario. If I was working live traffic, I would have other means at my disposal.

8. Additional comments on performance or conditions, if any.

Comments

• I felt my overall ability to control this particular simulated pattern was greatly enhanced by the automation aids I had

used in the previous runs.

• In my normal work environment speed control is not used very often. This was somewhat of a learning experience to

use speed control with every aircraft.

• Speeds seem to drop too fast inside of the marker.

8,1
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F.2.2.2. Graphic Marker Format for 210-Knot Procedure

1. Adapting to the use of the graphic turn advisor with the 210 kts procedure was...

difficult _ easy

Comments

• By far the best combination automation I've worked with yet.

• At times it seemed more confusing than the 170 kt graphic turn scenario - maybe it was me. The graphics hopped
around a few times.

• It was very easy adapting to the graphic turn advisor. Little or no concentration needed.

2. The turn positions indicated by the graphic turn advisor, as compared to the positions you would have turned

aircraft for spacing on final...

4_4 l 3 J closely agreedstrongly differed

Comments

• They were very accurate turns by the advisor and I believe mine would have overall continued.

• I would normally run closer downwind, therefore, I probably would have adjusted the downwind heading.

• There were a number of times I'd have turned base later, so as not to get into an overshoot of the Iocalizer for proper

sequence.

3. Indicate how the graphic turn advisories (210 kts procedure) affected your workload, as a final controller, as

compared to manual operation (210 kts procedure) with no computer aid.

increased _=_=3_ reduced

Comments

• I had much more time to scan more airspace and better monitor final.

• Workload was reduced a lot. At one point I was lulled to sleep.

4. Indicate how the graphic turn advisories (210 kts procedure) affected your spacing on final approach as compared

to manual operation (210 kts procedure) with no computer aids.

less precise _ more precise

Comments

• Once again almost too accurate in getting lulled into a false sense of security. However, with the turn and speed
advisories so accurate I was able to better watch final spacing close in at my own pace and technique.

• A couple of times 1noticed spacing near the threshold slightly less than 2 1/2 - I don't know if it was because of me or

the graphic turn advisor.

5. In terms of display clutter, the addition of the graphic turn marker symbol to the display generated...

excessive clutter __1 21 no perceptible clutter

Comments

• Even in this environment there was a lot of lines and markers but that is a small distraction to the overall usefulness

of the advisor.

• I fell behind the computers suggested turns at that time when I was catching up. The graphic turn marker was a minor
distraction.
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• Notreallyaproblem.
• Again,withaclutteredmap,itcouldbeaproblem.

6. Indicatehowyourfocusontheaircraft/graphic-turn-marker position relationship affected your attention to aircraft-

to-aircraft spacing.

strongly reduced _ not affected

Comments

• Separation on final was so constant my attention was very evenly distributed.

• Minimal reduction in a/c awareness.

• I paid a lot of attention to the X and the graphics - especially if they moved a lot.

• I did not watch the spacing as closely as I would have with the manual operation.

7. Indicate how your focus on the aircraft/graphic-turn-marker position relationship affected your attention to the

overall traffic picture.

I 0 t 4 I 2 I 4 I 2 Jno t affected
strongly reduced

Comments

• I was better able to watch all aspects of my airspace because of the advisories efficiency.

• Attention was drawn toward the turn monitor to see if aircraft was following the turn.

• Slightly reduced.

• I tried to force myself !o see the overall picture.

8. Relative to the final controller's job, indicate your reaction and feeling to having a computer suggest where aircraft

should be turned for spacing.

undesirable [ 0 I 1 I 2 I e-_J desirable

Comments

• If I could have this system at Norfolk right now!

• With additional practice, could be helpful. Difficult to tell with just this session.

• It was nice to have something assist you working the final.

9. The speed reduction points indicated by the graphic speed-reduction advisor, as compared to the positions you
would have slowed aircraft for spacing on final...

1 I ° I 8 I 3 Icloselyagreedstrongly differed

Comments

• I saw no drawbacks and agreed totally.

• I tended to reduce the aircraft about 1 mile sooner than the graphic.

• The advisor was later than what I would have done.

10. Indicate how the graphic speed-reduction advisories (210 kts procedure) affected your workload, as a final

controller, as compared to manual operation (210 kts procedure) with no computer aid.

increased I O11121613 I reduced

Comments _ .

• My job with this system is nothing more than a monitor, therefore, I could spend much more time on other responsibilities

in my airspace.

• Made the job easier. Less pre-planning required.
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11. Indicate how the graphic speed-reduction advisories (210 kts procedure) affected your spacing on final approach

as compared to manual operation (210 kts procedure) with no computer aids.

less precise 00273 more precise

Comments

• As precise as I've seen - simple, straightforward advisory.

• Not sure.

• I would have slowed the aircraft a little earlier than the aid.

12. In terms of display clutter, the addition of the graphic speed-reduction marker symbol to the display generated...

excessive clutter I 0Z31 2 no perceptible clutter

Comments

• More than rm used to but a minor drawback.

13. Relative to the position were aircraft speeds were to be reduced to 170 kts, the graphic speed advisories appeared
ahead of the aircraft at a time that was...

too early I ° I ° I tl I t I ° Itoo late

Comments

• Very satisfactory.

• The speed reduction for aJc behind a heavy jet seemed a little early.

• Several times when the advisor appeared it was already under the aircraft.

• In a few or more cases there didn't seem to be a "heads up".

• The graphic speed advisory was generally on early enough to see it, sometimes a little too early.

14. Indicate how your focus on the aircraft/graphic-speed reduction-marker position relationship affected your

attention to aircraft-to-aircraft spacing.

Comments

strongly reduced not affected

• I was able to monitor spacing much more accurately with this system than before.

• My scan was less effected by speed than by the dice countdown.

15. Indicate how your focus on the aircraft/graphic-speed reduction-marker position relationship affected your

attention to the overall traffic picture.

Comments

strongly reduced _0_O__8_ not affected

• Because of the system efficiency I was free to attend to more airspace - more quality overall.

16. Relative to the final controller's job, indicate your reaction and feeling to having a computer suggest where aircraft

should be reduced (from 210 kts) for spacing.

undesirable _ desirable

Comments

• If it reduces workload like this system does, yes.

• If the X was a different color or blinked until speed reduction was accomplished maybe it would be good.
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17. Relative to my normal state of alertness, awareness, and responsiveness, while controlling traffic, I feel my state

in this session was...(If not normal, please indicate reason.)

below normal I ° ] 5 I 4 I 3 I ° labove normal

Comments

• This system relaxes you and helps you maintain an even, positive mental posture.

• With the computer making all the decisions for me, my awareness is not as focused.

18. Additional comments on performance or conditions, if any.

Comments

• I feel the markers would be less distracting and cause less clutter if they were disabled earlier, i.e., as soon as aircraft
started their turn.

• Overall adds clutter to display, not unmanageable but more than 1 like.

• This was the easiest and most advantageous system for me.

F.2.2.3. DICE Countdown Format for 210-Knot Procedure

1. Adapting to the use of the DICE turn advisor with the 210 kts procedure was...

difficult [ 0 [ 1 I 1 I 3 I 7 I easy

Comments

• Very adaptable and accurate in spacing, at 210 kts it was a snap to use.

• I learned to trust the advisor after the first run and learned when the overshoot advisory could be compensated for with

speed reduction.

2. The times-to-turn Indicated by the DICE turn advisor, as compared to the times you would have turned aircraft for

spacing on final...

strongly differed I 0 I014 I 6 I 2 Icloselyagreed

Comments

• Only once or twice did I trust my instincts instead of the DICE and that was during overshoots.

• Didn't know.

3. Indicate how the DICE turn advisories (210 kts procedure) affected your workload, as a final controller, as compared

to manual operation (210 kts procedure) with no computer aide.

increased _0 I 3 [6__J reduced

Comments

• Here in simulation my workload was very light in that all I was concerned with was base or downwind turns.

• I liked the speed reduction prompt. It required less concentration.

• Slightly more than average because I had to dwell on whose DICE instruction took priority. I also had to consciously

remember (remind myself) to check spacing, overall picture etc.

4. Indicate how the DICE turn advisories (210 kts procedure) affected your spacing on final approach as compared

to manual operation (210 kts procedure) with no computer aids.

less precise O__OJ 02_2__ more precise
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Comments

• The spacing just about always was exact. The only drawback would be ignoring final spacing on my part because of

the efficiency of the DICE.

5. In terms of display clutter, the DiCE-turn-advisor countdown value and suggested-heading value which are added
to the data block, generated...

excessive clutter °LLLLL° I 4 t 7 I no perceptible clutter

Comments

• Not in this environment, with a real sector it could be increasingly cluttered.

6. Indicate how your focus on the DiCE-turn-advisor countdown value affected your attention to aircraft-to-aircraft

spacing.

strongly reduced 1_ ] 3 t 2 I not affected

Comments

• The spacing was always taken care of by DICE except if I was to have an overshoot then I would reduce the speeds
of aircraft earlier than suggested.

• Once again if I reduced the a/c when I was prompted to do so, I felt my sequence would hold to the airport and did

not recheck as often as I normally would.

• Concentrating on the countdown rates decreased my focus on aircraft inside the marker.

7. Indicate how your focus on the DICE-turn-advisor countdown value affected your attention to the overall traffic
picture.

strongly reduced °LL_3 J 4 J 1 J not affected

Comments

• I did have to pay extreme attention to the speed indicators (more than I would normally) to ensure proper spacing.

• After learning the timing of each countdown DICE was a big help.

• Didn't watch the final inside the marker as closely as in manual mode.

• At first I was trying to pay too much attention to the turn advisor on downwind to base.

8. Relative to the final controller's job, indicate your reaction and feeling to having a computer suggest when a

aircraft should be turned for spacing.

undesirable oL__9___l_ I 6 I 5 ldesirabl e

Comments

• It is interesting to see how the computer agrees or disagrees with what headings I would use.

9. The speed reduction times Indicated by the DICE speed-reduction advisor, as compared to the times you would

have reduced aircraft speed for spacing on final...

strongly differed °_--J-_-L_--[ 7_-_--_ closely agreed

Comments

• The DICE was probably more accurate than my own spacing.

• On 2 or 3 occasions I would have reduced aircraft on base.
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10. Indicate how the DICE speed-reduction advisories (210 kts procedure) affected your workload, as a final controller,

as compared to manual operation (210 kts procedure) with no computer aide.

increased I °i1 I 1 I 8 I 2 treduced

Comments

• I was always confident in proper spacing and speed due to DICE, therefore, I had a decrease in workload.

• Didn't really reduce it, because instead of looking at spacing and deciding when to reduce speed - I looked at DICE

advisories and had to decide which was higher priority - then, if it was late reducing - I worried that spacing might be
off.

11. Indicate how the DICE speed-reduction advisories (210 kts procedure) affected your sa_ac_g on final approach as
compared to manual operation (210 kts procedure) with no computer aid.

less precise _ more precise

Comments

• As precise as 1have ever seen in air traffic control.

e Under a controlled environment, I would not be able to compete.

• HA!- HA!

• How about changing the heading above to "too precise". I'm not that good.

12. in terms of display clutter, the DICE-speed-reduction countdown value and suggested-speed value which are

added to the data block, generated...

excessive clutter L°f 2t 1 3161
no perceptible clutter

Comments

• Not in this simulation, in a real radar sector maybe.

• Flashing caused a bit more clutter - but necessary.

13. Relative to the time when aircraft speeds were to be reduced to 170 kts, the DICE speed-reduction advisories
appeared in the data block at a time that was ....

too early I ° I 2 I 9 I t I ° I too late

Comments

• The advisories appeared to give me ample time unless I had altered the scenario.

• In some cases the speed reduction advisory flashed prematurely (when a/c on an already assigned heading was given
an approach clearance).

14. Indicate how your focus on the DICE-speed-reduction countdown value affected your attention to aircraft-to-aircraft
spacing.

strongly reduced _ not affected

Comments

• I was most likely to be too confident that the aircraft were separated.

15. Indicate how your focus on the DICE-speed-reduction countdown value affected your attention to the overall traffic
picture.

strongly reduced 0___ not affected
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Comments

None

16. Relative to the final controller's job, indicate your reaction and feeling to having a computer suggest when aircraft

should be reduced (from 210 kts) for spacing.

undesirable I ° I ° J t I 6 I 5 Idesirable

Comments

• Based on personal experience it would be hard in a normal sector to spend that much time monitoring the data blocks

effectively.

17. Relative to my normal state of alertness, awareness, and responsiveness, while controlling traffic, I feel my state
in this session was...(If not normal, please indicate reason.)

0 0 7 4 1
below normal 0___ _ I I q above normal

Comments

• I was more alert to when to slow aircraft and turn them due to the printout nature of the DICE.

• Attention was directed to the a/c that was next on final and turning base, while aJc on final were not really being

scanned.

18. Additional comments on performance or conditions, if any.

Comments

• Although concentrating on the countdown time took away from my scan inside the marker, I found that when I did scan

the area, traffic was spaced well in most cases.

• I do not normally give 90 degree turns to final.

• Good aid.

• The DICE simulation was much easier to work than the manual simulation. It did reduce my attention of the spacing

of the traffic because I was watching the countdown. This simulation was fine in a sterile situation.

• With the addition of a tower controller monitoring the final, this program could greatly reduce separation in the pattern

on final approach. It's a good training aid also.

F.2.2.4. Ccnt, crline Slot l_Iarker Format for 210-Knot Procedure

1. Adapting to the use of the Centerline Slot Marker with the 210 kts procedure was...

difficult _-3 --- easy

Comments

• Still a very skill-oriented procedure, the final turn-ons were easier, however there was still great effort required to turn

accurate base leg turns.

• I see where the slot marker could become beneficial, however adjusting to it was frustrating.

• I felt that I got better with practice and could do this on an everyday basis.

2. Indicate how the Centerline Slot Marker (210 kts procedure) affected your workload, as a final controller, as

compared to manual operation (210 kts procedure) with no computer aids.

I 0 I 5 I 11 J
increased - reduced
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Comments

• Increase in work due to the mental calculations involved with turns and closure rates.

• The slot marker initially is more of a hindrance than a help.

• The moving slot markers seem to distract me from concentrating on traffic inside the marker, however, it gave me a

fairly consistent final and a good point to apply speed control.

• Required a great deal of concentration on slots and when to reduce the aircraft. I looked less at spacing between a/c
and more on whether they hit the slot.

• Using the slot marker was harder than using the DICE, but easier than the manual system.

3. In the normal case (when slot markers were not noticeably shifted to adjust for spacing errors) vectoring aircraft

into their slot markers with the 210 kts procedure was...

difficult _ easy

Comments

• Vectoring to final spacing was the easiest aspect of the system.

• On one occasion I can remember the slot marker shift helping me out. The remainder of the time I felt behind.

4. Indicate how often an extra effort was made to precisely center the aircraft in its slot marker.

never [__O_ _1_.J__2_____6=L___ j always

Comments

• Speed reductions were in order, or more precise turns were needed for the centering to occur.

5. In terms of display clutter, the slot markers displayed on the extended runway centerline generated...

excessive clutter 0 2 6 1 3 no perceptible clutter

CommentS

• For this environment not any distraction.

• 1do remember having to wait to read a call sign I had forgotten when I missed the slot marker in front.

• Not much of a problem on centerline.

6. Indicate how your focus on the aircraft/slot-marker-position relationship affected your attention to aircraft-to-
aircraft spacing.

strongly reduced _ not affected

Comments

• By using the system properly aircraft to aircraft spacing was assured more often.

• 1 noticed that I was less concerned with a/c inside the marker.

• I counted on the fact that if they were in the slot, they were spaced well. Only if I missed the slot (ahead or behind)

did I scrutinize the spacing.

• As in the Dice system, I did not watch the traffic as close as I would have with the manual system.

7. Indicate how your focus on the alrcraft/slot'marker-position relationship affected your attention to the overall

traffic picture.

strongly reduced _ not affected

Comments

• This type system really requires great attention to detail and focus.

• This is new, old controllers say they used to turn the ARTS off when they got busy. When it initially came out.
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8. In spacing/sequencing aircraft on final, to what degree do you feel the slot markers provide useful information. (If

useful, how?)

not useful _ useful

Comments

• Spacing suggested was extremely accurate.

• I know when I miss a hole, now everybody else does.

• It gave a reference point to apply space adjustment.

• Gave indication of spacing.

• They give guidance as to correct spacing - especially good with heavy a/c.

• Once you get used to it you can go on to other duties after the a/c is positioned in the marker.

• Projection/looking ahead.

9. Having additional aids (such as turn advisories, vector advisories, or speed advisories) to help me deliver aircraft

into their slot markers would be...(Please indicate preference, if any.)

4--1desirableunnecessary

Comments

• As 1 mentioned before possibly coupled with line segments.

• A turn advisory could initially help.

• Speed reductions.

• Heading and speed advisories would be useful.

• Too much to think about.

• Vectors to hit slot markers would definitely be an aid.

• Speed control would be very advantageous and maybe a mark for a normal base leg to final with mileage markers.

10. Determining which aircraft were supposed to go into which slot marker was...

difficult _ easy

Comments

• Self-explanatory tags in the circles. No probleml

• It required a slightly greater effort to assure proper a/c in proper slot.

11. Relative to the final controller's job, indicate your reaction and feeling to having a computer suggest where an

aircraft should be positioned on final.

undesirable ' 00[_0_6_3__J desirable

Comments

• With the sequence so obvious we agreed on all calls.

• Hard to say - would require more practice.

• It is desirable in a sterile situation.

12. Relative to my normal state of alertness, awareness, and responsiveness, while controlling traffic, I feel my state
in this session was...

belownorma liJ-L° l abovenormal
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Comments

• With this system I am very alert and tend to even lean toward aggressiveness to achieve proper spacing and system
success.

13. Additional comments on performance or conditions, if any.

Comments

• The 210 format is preferable to the 170 because it allows some flexibility.

• Problem became easier towards the end as I was more comfortable with how to control the traffic to hit the slots.

F.3. Task Load Index--Individual Subject Controller Results

F.3.1. TLX Description

The primary questionnaire used to assess workload was the Task Load Index (TLX). The TLX is a

multidimensional rating procedure that provides an overall workload score based on weighted averages.

At the completion of each run, the subject rates the experience during the run for each of six workload

contributing factors on a scale consisting of 20 increments. The factors are mental demand (MD), physical
demand (PD), temporal demand (TP), own performance satisfaction (OP), your effort required (ER), and

frustration you experienced (FE). The rating sheet used for the evaluation is as follows:

Instruction: Circle the vertical graduation mark on ech scale that indicates your relative rating of the following six workload-

contributing factors, as experienced in the task just performed.

FACTORS ARISING FROM TASK ITSELF

MENTAL DEMAND

i lillllJ i iL _
Low

ill
High

PHYSICAL DEMAND

rllll J I IlJll
Low High

TEMPORAL DEMAND

ltlllllt I Illll
Low High

FACTORS ARISING FROM YOUR INTERACTION WITH TASK

How much mental and perceptual activity was required

(e.g. thinking, deciding, calculating, remembering, looking,

searching, etc.)? Was the task easy or demanding, simple
or complex, exacting or forgiving?

How much physical activity was required (e.g. pushing,

pulling, turning, activating, etc.)? Was the task easy or

demanding, slow or brisk, slack or strenuous, restful or
laborious?

How much time pressure did you feel due to the rate or pace

at which the tasks or task elements occured? Was the pace

slow and leisurely or rapid and frantic?

OWN PERFORMANCE SATISFACTION

Illllllllllllll l II
Good Poor

How successful do you think you were in accomplishing the
goals of the task set by the experimenter (or yourself)? How

satisfied were you with your performance in accomplishing

these goals?
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YOUREFFORTREQUIRED

, , , i l J_.J L_
Low High

How hard did you have to work (mentally or physically) to

accomplish your level of performance?

FRUSTRATION YOU EXPERIENCED

I I ill I ll [ [lll
Low High

How insecure, discouraged, irritated, stressed and annoyed

verses secure, gratified, content, relaxed and complacent

did you feel during the task?

At the completion of all data runs, the subject is tasked with making "pairwisc" comparisons of the six
different workload contributing factors by selecting the preference of a factor pair in each of 15 comparisons.

The result of the pairwise comparisons is a "weight" representing the relative degree to which the subject
feels that each factor has contributed to the workload of the task. The matrix used in making the pairwise

comparison is as follows:

Pairwise Comparison of Source-of-Workload Factors

Factor Pairs

Effort Own

required performance

Physical Frustration Mental Physical

demand experience demand demand

Temporal Effort Physical Temporal

demand required demand demand

Frustration Mental

experience demand

Own Frustration Temporal Mental Own Mental

performance experience demand demand performance demand

Physical Own

demand performance

Frustration Effort

experience required

Own Temporal

performance demand
Temporal Frustration
demand experience

Mental Effort

demand required

Effort Physical
required demand

F.3.2. Individual Subject Controller Results

The graphed data for each subject/data run is provided in figur6 F1. The width of the bars represent the

weight as determined by the pairwise comparison; the maximum width for any of the factors is five increments.

The height of each bar is the result of the ratings performed at the end of each run. Note that on all graphs

only five of the six workload factors are represented; this is because all of the subjects felt that physical demand

(PD) was less of a workload contributing factor than each of the other five factors in their pairwise comparisons.
For greater detail on the TLX refer to reference 21.

F.4. Rating and Ordering Test Formats--Questionnaire Only

Subjects rated and ordered the test formats on this questionnaire with respect to three specific criteria:

workload or effort required, ease of adapting to or learning to use the format, and the degree of help or benefit in

spacing aircraft on final. Only the instructions and form are given. The responses are presented in section 5.5.3.

Based on your experience and judgment as a controller, please rate and order the formats that you were tested with on the

scales below, with respect to each of the following three criteria:

1. Workload or effort required to use the format.
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2. Easeofadaptingtoorlearningtousetheformat.
3. Amountofhelporbenefitinspacingtrafficonfinal.

Withrespecttothecriteriabeingevaluated,placetheformat(s)symbolateachendofthescalewhichyoufeelbestfit(s)the
endpointdescription.Arrangetheremainingformatsalongthescaleto reflectyourevaluationoftheformatswithrespectto
yourendpointchoices.Notethatyoucanevaluatetwoormoreformatsequally,eitherattheendpointsoranypositiononthe
scale,byplacingtheirsymbolsinthesamescalelocation.Thisisnotanabsoluteratingrelativetosomeidealformat,what
weareafterisyourcomparativeratingofthetestedformatswithrespecttoeachother.
Example for discussion with coordinator.
For instance, let us say 8 formats have been tested: A, B, C, D, E, F, G, and H. Assume they are being rated and ordered on
the workload criteria and format C has the least workload, while format E requires the most workload. If you feel the formats

are fairly evenly spaced with respect to workload, the scale would look something like:

most workload
E otH ID IF AIJ

least workload

On the other hand, if you felt one format stood out as having a much higher workload relative to all the other formats, the

scale would look something like:

most workload
E

least workload

The symbols to be used on the following scales are:

M1 - Manual or no automation aid (170 kts final turn)
M2 - Manual or no automation aid (210 kts final turn)
G1 - Graphic position-to-turn advisor (170 kts final turn)
G2 - Graphic with both position-to-turn and position-to-speed reduction advisories (210 kts final turn)
$1 - Centerline slot marker (170 kts final turn)
$2 - Centerline slot marker (210 kts final turn)
D1 - DICE time-to-turn advisor (170 kts final turn)
D2 - DICE with both time-to-turn and time-to-speed reduction advisories (210 kts final turn)

1. Workload or effort required to use the format.

I I I I I I I I I 1 J
most workload least workload

2. Ease of adapting to or learning to use the format.

I I I I I I I I I I I
hardest to adapt easiest to adapt

3. The degree of help or benefit in spacing aircraft on final.

I I I I 1 I I I I I I
least helpful most helpful

F.5. Comparison of Format Questionnaires for 170- and 210-Knot Pattern-Speed

Procedures--Subject Evaluations and Comments

The questionnaire and results of the comparison between the 170- and the 210-knot pattern-speed

procedures, for each format, are presented in this section. Each comparison includes the total number of
responses for each of the five positions along the scale, as well as all subject comments.
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1. For the manual cases with no automation aids, evaluate the level of difficulty associated with spacing aircraft on

final using a speed of 210 kts and reducing after the turn-to-final as compared to the constant 170 kts before the
turn-to-final.

much harder _ much easier

Comments

• Same speeds manually has no guesswork, at 210 kts there is a bit of an increase.

• Speed can be used to cover up a late turn-on.

• When you tie someone down to one speed, you take a valuable tool from a controller.

• Due only to the fact this is a procedure not practiced in the field. It would be otherwise to controllers who constantly
do this.

2. For the graphic advisor cases, evaluate the level of difficulty associated with spacing aircraft on final using a

speed of 210 kts for the turn-to-final together with both the position-to-turn and the position-to-reduce speed
advisories as compared to a speed of 170 kts for the turn-to-final with only the position-to-turn advisory

much harder _ much easier

Comments

• Graphic advisor with speed reduction at 210 kts keeps things moving expeditiously, safely, and more accurately than

any of the other systems.

3. For the centerline slot marker cases, evaluate the level of difficulty associated with vectoring aircraft to their

slots using a speed of 210 kts and reducing after the turn-to-final as compared to a constant 170 kts before the
turn-to-finaL

much harder _5 J much easier

Comments

• Difficult system either way, slightly easier with 210 kt format.

4. For the DICE countdown advisor cases., evaluate the level of difficulty associated with spacing aircraft on final
using a speed of 210 kts for the turn-to-final together with both the time-to-turn and the time-to-reduce speed

advisories as compared to a speed of 170 kts for the turn-to-final with only the time-to-turn advisory

much harder I 1 1213[ 4 I 2 [muGheasier

Comments

• This system works well either way, a slight edge to reduce time but overall a steady system which could work well in
select facilities but not all.

• In both the graphic and dice, the simulation ran easier at 170 kts because the closure rates on the turn indicators was

slower, however, if you were ever late it was easier to recover in the 210 kt scenario.

• Of all the formats the DICE is much superior to the others.

F.6. Final Debriefing Questionnaire--Subject Evaluations and Comments

The Final Debriefing Questionnaire contains general questions about the simulation and training. The
questionnaire and the total number of responses for each of the five positions along the graphic scale are

included, as well as all controller comments.
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1. Overall, the simulation was...

_0 I 0 I 2 I 7 I 3 Irealisticunrealistic

Comments

• Normally a controller will work more than depicted but for this purpose of evaluation it was fine.

• Very good as far as simulation-would be more realistic with flight progress strips but did not effect performance.

• Missed various types of a/c.

• Very sterile operation. You need to possibly put some distractions in the problem.

2. The suitability of the simulated radar display to perform the required control task was...(Please identify any

deficiencies.)

seriously deficient _--0 [ 0 I 1 [ 3 I 8 I adequat e

4 l I

Comments

• I normally don't work with computer generated scopes and it was a pleasure having clarity of the scope.

• Controllers are used to having the capability of adjusting their scope to personal specs. - except for that it was OK+

• You could keep track of where the a/c was, but there was no beacon code slash or primary return.

• More mistakes (pilots) in real life, but all in all a good simulation.

3. Indicate how the physical environment, during the test, influenced your test performance.

degraded I 0 ] 1 I 8 L 1 I 2 l improved

Comments

• No real distraction and the lighting was the same, no influence felt.

• Conducive to concentrating more quiet than ORF IFR radar (room).

• Ocular LIGHT a bit distracting.

4. The voice communications with the pseudo pilots were...(Please identify any deficiencies.)

unrealistic _ 4_3 I 1 J 4 J realistic

Comments

• Because of the basic nature of the simulation I had no problems with them, but they could have been more attentive

to respond.

• To make it more realistic once a pilot starts talking they should not stop until their transmission is complete.

• When instructions were issued to wrong aircraft...pilot didn't question instructions.

• Timing too quick not many request to repeat.

• Voice quality of the pilots sounded like martians. The pilots made very few errors and acknowledged all transmissions

quickly.

5. The simulated aircraft flight paths and maneuvers were...(Please identify any deficiencies.)

unrealistic ['- 0 I 2 I 0 I 4 [ 6 lrealistic

Comments

• Turn to final ratio appeared slower at first, I guess due to the elevation of the terrain.

• A bit too ideal, but fine to work with.
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• A DC-8 would have a tough time getting down from the SE and NE fixes. Some a/c were slowing to 110 kts 2 - 3 miles

out. High performance a/c don't fly that slow that far out.

• Speeds inside marker seemed to drop off fast.

6. The traffic density in the simulation as compared to that expected In a high density, single runway terminal

operation in IMC was...

not representative I 0 I 2 I 2 ] ,_ ] 4_ representative

Comments

• I don't feel qualified to say, however, it was moderate to busy traffic in my opinion.

• Normally there would be a few lower performance a/c in the sequence.

• Not used to this type of traffic.

• With the exception that all a/c in the simulation were a/c without a mix of civilian smaller aircraft.

• Did not work in a facility like Denver.

• You could not run that type of traffic on a single runway with any departures to go.

7. The interaction and coordination with the feeder controller was...(Please identify any deficiencies.)

unrealistic [- 0 I 2 I 2 t 6 1 2 I realistic

Comments

• The only thing lacking would be maybe an interphone system.

• There was very little coordination.

• Didn't use as much as would be expected.

8. The initial briefing and training on Denver airspace/procedures and the simulation interface necessary to do a

representative job of controlling traffic was...(Please identify any deficiencies.)

I o i o I I I Y[ i_
seriously deficient adequate

Comments

• No problems.

• I would like to have the ILS 26L approach plate next to me and look at the profile descent (STAR).

9. The briefing I received describing each format prior to the practice runs was...(Please Indicate any deficiencies.)

I o I o I o I 0 I__!2__]
seriously deficient adequate

Comments

• Very informative and to the point.

10. The training I received during the format practice run before each test session was...(Please identify any

deficiencies.)

seriously deficient I °] adequate

Comments

• I was comfortable after every practice run.

11. The test sessions were conducted in a controlled, serious and professional manner.

I °I°I °-Io I_
disagree agree
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Comments

• Very professional.

• Very professional group; it was my pleasure to be S-2.

• Everyone was amiable and professional.

• Too starchy

12. In the automated aid formats tested, the arrival aircraft's tabular sequence list presented on the right of the display

was...(If useful, how was it used?)

not useful _ useful

Comments

• The whole time I was involved in the simulation I never used it.

• I never used the tab list or felt a need to use it.

• 1occasionally used it to confirm a/c sequence.

• Only necessary in maybe one - didn't use it much if at all in others.

• Annoying, distracting. I disagreed with the computer sequence at the time and it would mess up the program if I did

not adhere to the computer program.

• In almost all cases the approach sequence was obvious.

• I relied on it for the sequence at all times and adjusted the pattern to comply with it.

13. List any factors not addressed above that either positively or negatively affected your performance.

• A minor detail was some background light reflecting off the radar display.

• Enjdyed]]

F.7. Researcher Topic Guide for Final Verbal Debriefing

The verbal debriefing was the final opportunity to extract the subjects thoughts and opinions in several areas

including the formats, the simulation, and test proccdures. The subject guide used for the verbal debriefing is
a._ follows:

Do you have any suggestions for improvements or other comments relative to the following:

1) Centerline slot marker

2) Graphic turn advisor

3) Graphic speed reduction advisor

4) DICE time-to-turn advisor

5) DICE time-to-speed reduction advisor

6) Test procedures or test facility

Was any information missing that you think would be useful?

Did any of the information cause clutter or distractions? How about fixation? How would you suggest solving this problem
(delete information, move information somewhere else, make information appear on request only)?
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What is your reaction to the DiCE or Graphic early warning that the automation anticipates a localizer overshoot, to maintain

separation, if the current heading and speed is maintained?

Do you feel that you had enough time to develop proficiency in using the system?

Do you feel that if you were using the system daily, you might evolve a different way of using it than you did in the short period

of the testing?

Did the system change the mental tasks involved in controlling traffic? How?

Do you feel that an automated advisory system will create any special problems with controller training or proficiency? If so,

explain.

Do you feel that an automated aid will be beneficial to:

1) Reducing workload?

2) Spacing precision?

Does the reduction from 210 to t70 kts after the turn-to-final approximate the final approach procedure used at your facility?

Explain.

Given the traffic rate during the test runs, was a 210 kts pattern speed with speed reduction to 170 after the final turn acceptable

to manage the final traffic?

Do you have any thoughts, opinions, or suggestions that were not previously covered?
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Table 1. Approximate Schedule for Subject Controller

[Asterisk and bold run number denote data run (1 hr and 10 rain)]

Tuesday---170 (or 210) knots
7:45

8:30

9:15

10:15
*10:35

11:45

12:00

12:50

1:50
"2:10

3:20

Conference room briefing (airspace, procedures, etc.)

Equipment introduction, discussion, and oculometer calibration

Manual practice run (run 1)
Break

Manual baseline data run (run 2)

Session questionnaire
Lunch

Graphic, centcrline slot marker, or DICE format explanation, familiarization run (run 3)
Break

Graphic, ecnterlinc slot marker, or DICE format data run (run 4)
Session questionnaire

Wednesday
8:15

9:15

*9:30

10:40
11:00

12:00

"1:00

1:i5
*2:25

2:45

170 (or 210) knots

Centerlinc slot marker, DICE, or graphic format explanation, familiarization run (run 5)
Break

Centerlinc slot marker, DICE, or graphic format data run (run 6)

Session questionnaire
Lunch

DICE, graphic, or ccnterline slot marker format explanation, familiarization run (run 7)
Break

DICE, graphic, or centerline slot marker format data run (run 8)

Session questionnaire
170- or 210-knot questionnaire

Thursday 210 (or 170) knots
8:15

9:15
*9:30

10:40

11:00

12:00
1:00

*1:15

2:25

Manual practice run (run 9)
Break

Manual baseline data run (run 10)
Session questionnaire
Lunch

Graphic, centerline slot marker, or DICE format explanation, familiarization run (run 11)
Break

Graphic, centcrlinc slot marker, or DICE format data run (run 12)
Session questionnaire

Friday 210 (or 170) knots
8:15

9:15

"9:30

10:40
11:00

12:00

1:00
"1:15

2:25

2:45

3:15

5:00

Centerline slot marker, DICE, or graphic format explanation, familiarization run (run 13)
Break

Centerline slot marker, DICE, or graphic format data run (run 14)
Session questionnaire
Lunch

DICE, graphic, or centerline slot marker format explanation, familiarization run (run 15)
Break

DICE, graphic, or centerline slot marker format data run (run 16)

Session questionnaire
210- or 170-knot questionnaire

Final questionnaire, discussion, and debriefing
Conclusion
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Table 2. FASA Format Traffic Samples

(a) 170-knot pattern-speed procedure

Run type

Practice

Data

Data

Data

Data

Data

Data

Record a

17-8

17-2

17-3

17-4

17-5

17-6

17-7

Sample

423EHR

421GHR

422FHR

421GHR

422FHR

421GHR

422FHR

aIn record number, 17 indicates 170 knots.

Start time, sec

5416

3 632

3 632

7284

7236

10 868

10820

Stop time,

9 016

7832

7832

11484

11436

15068

15020

sec Duration

1 hr

1 hr 10 rain

1 hr 10 min

1 hr 10 min

1 hr 10 min

1 hr 10 min

1 hr 10 rain

(b) 210-knot pattern-speed procedure

Run type

Practice

Data

Data

Data

Data

Data

Data

Record a

21-8

21-2

21-3

21-4

21-5

21-6

21-7

Sample

3E

1G

2F

1G

2F

1G

2F

Start time, see

5 424

3 62O

3 644

7224

728,1

1O836

10816

Stop time, sec

9024

7820

7844

11424

11 484

15036

15 016

Duration

1 hr

1 hr 10 min

1 hr I0 min

1 hr 10 rain

1 hr 10 min

1 hr 10 min

1 hr 10 min

aln record number, 21 indicates 210 knots.

Table 3. FASA Format Study Test Sequence

Subject numbers are in original test order and do not correspond to subject numbers used to ]

indicate subject performance; even run munbers denote experimental data runs, whereas lodd numbers (not shown) denote controller practice rim; in record numbers, 17 and 21
denote 170- and 210-knot pattern-speed procedures, respectively.

170 (or 210) knots

Subject[ Run 2

1 I_'IAN, R 17-2

2 I MAN, R21-3

3 IMAN, R21-4

4 I MAN, R 17-5

5 I MAN, R 17-6

6 I MAN, R 17-7

" 'MAN, R21-2

8 1MAN, R 17-3

9 IMAN, R21-4

10 [ MAN, R 17-5

11 IMAN, R21-6

12 I MAN, R 17-7

Run 4

GM, R 17-3

CSM, R21-4

CSM, R 21-5

DICE, R 17-6

GM, R 17-7

DICE, R 17-2

DICE, R21-3

GM, R 17-4

CSM, R21-5

CSM, R 17-6

DICE, R21-7

GM, R 17-2

Run 6

DICE, R 17'i

DICE, R 21-5

GM, R 21-6

CSM, R 17-7

CSM, R 17-2

CSM, R 17-3

Run 8

cSik'I_ R 17-5

GM, R 21-6

DICE, R21-7

GM, R 17-2

DICE, R 17-3

GM, R 17-4

GM, R21-4 CSM, R21-5
DICE, R17-5 CSM, R 17-6

DICE, R21-6 GM, R21-7

GM, R 17-7 DICE, R 17-2

GM, R21-2 CSM, R21-3

CSM, R 17-3 DICE, R17-4

210 (or 170) knots

Run 12 Run 14 Run 16Run 10

_IAN, R21-2

MAN, R 17-3

MAN, R 17-4

MAN, R21-5

MAN, R21-6

MAN, R 21-7

MAN, R 17-2

MAN, R21-3

MAN, R 17-4

MAN, R21-5

MAN, R 17-6

MAN, R 21-7

DICE, R21-3

DICE, R 17-4

GM, R 17-5

CSM, R21-6

DICE, R21-7

GM, R21-2

CSM, R 17-3

DICE, R 21-4

CSM, R 17-5

GM, R21-6

GM, R 17-7

CSM, R21-2

CSM, R21-4

GM, R 17-5

CSM, R 17-6

GM, R21-7

GM, R21-2

CSM, R21-3

DICE, R 17-4

GM, R21-5

DICE, R 17-6

CSM, R21-7

DICE, R 17-2

DICE, R21-3

GM, R21-5

CSM, R 17-6

DICE, R 17-7

DICE, R21-2

CSM, R21-3

DICE, R21-4

GM, R 17-5

CSM, R 21-6

GM, R 17-7

DICE, R 21-2

CSM, R 17-3

GM, R21-4
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Table 4. Interarrival Errors of Display Formats

To preserve anonymity, the controller subject numbers have been randomized ]
and bear no relationship to the original test order appearance; however, ]
listed subject numbers are consistent for all report data. J

Controller

test subject

Pattern-speed

procedure, knots

1 170

210

2 170

210

3 170

210

4 170

210

5 170
210

6 170
210

7 170

210

170

Aircraft-pair interarrival errors, sec

MAN l i 1_'I DICE
Mean _St dev Mean St dev Mean t St dev

3.201 15.85

4.591 16.64

15.13] 19.41

4.441 17.04
-0.651 15.80

-0.041 11.07

7.29 I i6.92

1=11 l_ 15.73
15.75 | 20.20

1.201 13.33
4.391 17.65

5.521 16.52

5.54

1.60

20.69
16.1!]

4.36 15.12

210 3.68 14.43
170 = 1.02 24.37

210 .... --2.05 15.23

-0.491 15.18

0.07 9.12

-0.71 17.01

-0.15 7.75

-0.07 10.92

0.66 10.39
"0.65 15.26

o__o8 8.25
0.53 15.40
0.02 7.63

-0.03- 17.46

-0.32 8.42

-0.41 12.86 t

0.35 8.90

t 13.54

-0.091

0.62 9.77

-0.43 16.34 /
• 0.10 9.18 J

CSM

0.14 ) 14.24

0.171 6.39

-- 0.271 15.53
-0.40I 6.45

0.51 I 15.96

-0.06 i 7.42

Mean l

0.10

-0.41

0.32

0.02

0.19

0.53

St dcv

19.72

12.67
14.07-

10.60

15.69

12.99

6:20 ] 14_2 0.05 14.91

0.32 I 9.41 0.13 10.81
0.12 f 10.72 0.11 17_-

-0.22 I 8.21 0.10 12.35
0.24

-0.03

-0.15

0.20

-0.36

-0.09

0.24

-0.06

13.64

6.87

Ii:89

10.78

12.61

7.24

15.18
8.62

0.04 15.61

0.09 12.50

-0.37 15.35-

-0.211 7.43

-0.30 19.65

-0.12 9.45

-0.64 20.66
-0.69 7.85

10 170
210

Pooled

estimate

of sO and

degrees of
freedom

11 170

210

12 170

210

Lumped

subject 170
data 210

170

210

3.66 I 21.37 I 0.19 I 13.89 -0.541 11.92

4.38] 14.34[-0.03 t 11.82 _O.04j 8.92

16.25[ 19.50[ -01i6[ 13.30[ 0.11 / 13_1-,_

1.46 J 19.55 I -0.03 I 11.40[-0.26] 8.31

4.04 [ J_BI_J§ [ ±0.35 [ 14.34 [ -0.14[ 1611-6
o:z4 / 12.93 [ 1.40[ 11.27 I -0-241 8.50
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Figure 1. Terminal geometry sinmlated for approaches to runway 26L at Denver Stapleton International

Airport.
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Figure 2. Example of 210-knot manual display format, Magnetic North is up.

119



Figure 3. Example of 210-knot centerline slot marker display format. Magnetic North is up.
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Figure 4. Example of 210-knot DICE display format. Magnetic North is up.
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Figure 5. Example of 210-knot graphic marker display format. Magnetic North is up.
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F

Figure 6. Example of graphic turn marker generated for anticipated overshoot of ILS centerline. Magnetic

North is up.
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Terminal-area model

Pseudopilot station ATC controller station

Figure 7. Elemcnts of Langley Mission-Oriented Terminal-Area Simulation (MOTAS) Facility used in this
study.
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Figure 10. Sequence of events that arrival aircraft experiences in TINIER concept,
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Figure 11. Simulation air traffic controller stations, with final controller and coordinator on left and feeder
controller on right.
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Figure 12. Final controller station, with final controller on left and coordinator on right.
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(a) Simulation approach controller PPI.

Figure 13. Simulation video map of Denver approach airspace.
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(b) Simulation final controller PPI.

Figure 13. Concluded.
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Figure 14. Nominal traffic flow (indicated by arrows) for Denver Stapleton arrivals in land-runway 26
configuration.
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Figure 16. Distribution of lumped (simply combined) interarrival time errors of all subjects for four display
formats.
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Figure 17. Distribution of lumped (simply combined) excess (relative to minimum requirement) separations at

runway threshold of all subjects for four display formats.
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aTo preserve anonymity, controller subject numbers have been randomized and bear
appearance; however, listed subject numbers are consistent for all report data.
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(b) Plot of mean vectors for all subjects combined.

Figure 20. Vectors per aircraft in final sector for four display formats and both pattern-speed procedures.
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(a) Mamlal format.

Figure 21. Flow pattern for all runs combined for 170-knot pattern-speed procedure.
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(b) Centerline slot marker format.

Figure 21. Contimmd.
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(c) DICE countdown format.

Figure 21. Continued.
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(d) Graphic marker format.

Figurc 21. Concluded.
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(a) Manual format.

Figure 22. Flow pattern for all runs combined for 210-knot pattern-speed procedure with speed adjustment on
final.
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(b) Centerline slot marker format.

Figure 22. Continued.
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(c) DICE countdown format.

Figure 22. Continued.

147



\

•

(d) Graphic marker format.

Figure 22. Concluded.
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Figure 23. Histogram of controller response times for graphic marker format base-to-final turn advisor (170-
and 210-knot procedures responses combined).
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Figure 24. Histogram of controller response times for DICE format base-to-final turn advisor (170- and 210-knot
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Figure 25. Histogram of controller response times for graphic marker format final speed advisor of 210-knot
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Figure 27. Scatter plot of about 6000 eye-scan fixations during single manual format data run using 210-knot
pattern-speed procedure with speed adjustment on final.
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Figure 28. Scatter plot of about 6000 eye-scan fixations during single centerline slot marker format data run
using 210-knot pattern-speed procedure with speed adjustment on final.
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St dev

170-knot

MAN GM

75.6 72.7

84.9 83.6
88.7 83.7

84.4 81.2

88.3 81.6

83.2 55.6

94.1 84.1
90.1 91.6

87.6 87.4

87.2 83.6
75.9 75.3

80.7 83.9

85.0 [ 80.35.6 9.2

In-track time, percent of total test time

procedure
DICE CSM MAN

76.7
81.8

83.9

79.1

88.5
59.3

92.7

94.3
88.7

86.8

72.2

81.6

82.1
9.7

75.2

88.0

86.4
82.3

88.9

67.3

92.6
90.4

86.4

85.6

80.7
90.3

84.5

7.2

66.5

85.6
84.7

67.5

91.3

82.5
90.7

95.3

91.3

87.3
84.8

89.5

84.8

9.0

210-knot procedure
GM

73.4
81.9

84.2

80.2

87.1
69.0

90.9

93.2
89.2

90.4

83.4
86.2

J

84.1
7.2

t

i DICE CSM
80.6 68.4

79.0 93.1
87.9 80.9

79.7 78.0

88.6 87.3

77.2 82.9
89.3 93.9

93.6 95.0

89.1 91.2

87.6 91.1
75.2 78.2

86.4 91.0

84.5 85.9

5.8 8.2

_To preserve anonymity, the controller subject numbers have been randomized and bear no relationship to the original test

order appearance; however, listed subject numbers are consistent for all report data.

(a) Tabulation of in-track time for all subjects.

86.0-
85.9

78.0-

77.0

85.0

80.3

82.1

84.5
84.8

84.1
84.5

MAN GM DICE CSM MAN GM DICE CSM

170 knots 210 knots

(b) Plot of mean in-track time for all subjects combined.

Figure 29. Time subject's eye was tracked by oculometer for four display formats and both pattern-speed

procedures.
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Display object
Data block

A/C
FASA

FASA & A/C
Other

NO-ID

In-track time, percent

170-knot procedure 210-knot procedure
MAN CSM DICE CSMGM DICE

45.7

35.6
0.0

0.0

10.8

7.9

37.8

22.4
10.8

15.5

8.0

5.6

34.4

32.2
19.6

0.0

7.9

6.0

37.8

22.7
9.0

16.2

7.3

7.0

MAN

47.8

33.1
0.0

0.0

11.7

7.4

GM

32.8

18.0
14.9

19.4

8.7

6.2

26.1

31.6
29.1

0.0

7.8

5.5

33.5

23.1
10.2

19.2

6.4

7.6

5O

45

40
E

35
o
"_ 3O
¢-

25

20
E

For GM and CSM, these
include FASA & A/C

combinations if within
0.57 in. of each other

For GM and CSM, these
include FASA & A/C

combinations if within
0.57 in. of each other

7
• MAN

,z_ DGM
/

Aid • DICE
&

_,C •CSM

/
/

=

Data block A/C FASA Data block A/C FASA

170 knots 210 knots

Figure 30. In-track fixation time for several types of display objects for four display formats and both pattern-

speed procqdures for all subjects combined.
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Downwind leg (zone 3)

Base leg (zone 2)

I Runway I

FAF

Final approach leg (zone 1) J

Base leg (zone 2)

Downwind leg (zone 3)

Figure 31. Illustration of zones defined on final controller's display for lookpoint analysis. Zone 4 is everywhere

on display not defined by zones 1, 2, and 3.
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Figure 32. Mean fixation time among three of four defined display zones for four display formats and both
pattern-speed procedures.
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.u

C,9

K

Q.

la_-

(D

c-

E

Time inside FAF, percent of in-track time

170-knot procedure

Controller test subject MAN GM

6.5 8.6

8.8 15.4
8.1 7.2

6.4 9.5

5.7 6.6
10.8 3.0

10.8 7.3

8

9
10

11

12

Mean
St dev

5.0 10.2

5.6 6.5
2.5 3.2

7.2 10.0

3.8 4.7

6.8 7.7

2.4 3.3

DICE

8.0

3.9
3.5

5.8

13.4
4.6

6.4

13.5

8.7
4.0

8.4

4.7

CSM

1.3

2.3
1.9

6.4

5.2

9.9
3.7

3.1
1.2

1.3

3.3

2.1

MAN

11.8

9.6
9.8

12.5

13.3
11.4

10.4

3.1

20.8
11.0

12.0

8.9

210-knot

GM

5.6

5.6
5.2

8.3

16.0

6.9
7.4

10.9

18.4
5.0

7.4

5.0

procedure
DICE

6.1

3.8
4.3

8.1

10.9
7.1

5.1

9.9

16.1
5.2

10.1

5.4

CSM

1.9

0.6
2.4

10.1

5.0
2.3

6.2

1.3

4.8
2.2

4.7

1.7

7.1 3.5 11.2 8.5 7.7 3.6

3.3 2.5 3.8 4.3 3.4 2.6

aTo preserve anonymity, the ',ontroller

order appearance; however, listed subject numbers are consistent for all report data.

12

6.77

7.698

subject numbers have been randomized and bear no relationship to the original test

4

7.08

(a) Tabulation of time for all subjects.

11.21

3.48

8.48

7.67

3.60

MAN GM DICE CSM MAN GM DICE CSM

170 knots 210 knots

(b) Mean time for all subjects combined.

Figure 33. Time inside FAF for four display formats and both pattern-speed procedures.
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Displayobject
Datablock
A/C
FASA

FASA & A/C
Other

NO-ID

MAN

0.73
0.72

0.00

0.00

0.64
0.42

Mean dwell time, sec

170-knot procedure 210-knot procedure
GM

0.71

0.66

0.81
1.02

0.56

0.34

DICE

0.65

0.72
1.26

0.00

0.63
0.37

CSM MAN

0.77 0.73

0.81 0.72

0.61 0.00
0.97 0.00

0.53 0.65

0.43 0.41

GM

0.75
0.71

0.76

0.97

0.57

0.38

DICE

0.72

0.83

1.26

0.00

0.59
0.41

CSM

0.83

0.89

0.62
1.30

0.54

0.48

1.40

(a) Tabulation for both pattern-speed procedures.

1.20

o 1.00
(D

E
_ .80

.60
ID3

.40

.2O

1.40 --

Data block
t

A/C FASA FASA & A/C

(b) 170-knot pattern-speed procedure.

[] MAN

DGM

mO CE

[]CSM

NO-ID

1.20
[] MAN

DGM

[] DICE

[] CSM

0
Data block A/C FASA FASA & A/C NO-ID

(c) 210-knot pattern-speed procedure.

Figure 34. Mean dwell time for several types of display objects for four display formats and all subjects
combined.
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Note: Each zone-pair combination contains the sum of cross-check scans of

order 4 or greater for 3 separate zone pairs; Z1/All = Z1/Z1 + Z1/Z2 + Z1/Z3;

Z2/All = Z1/Z2 + Z2/Z2 + Z2/Z3; Z3/All = Z1/Z3 + Z2/Z3 + Z3/Z3.

CCS's by zone pairs

Zl (final)/All

Controller test subject MAN GM DICE CSM MAN

1 53 40 66 50 26

2 83 26 53 60 56

3 155 52 91 86 124

4 44 37 42 46 29

5 72 34 66 61 60
6 182 25 41 44 111

7 113 47 90 82 61

8 97 45 86 94 67
9 26 51 64 57 29

10 121 54 81 76 61

11 94 48 49 90 61

12 85 39 58 89 69

Mean 94 42 66 70 63
St dev 45 10 18 19 30

Z2 (base)/All Z3 (downwind)/All

GM DICE CSM MAN GM DICE CSM

33 48 28 7 15 17 6

11 37 30 9 3 14 6

36 69 60 21 17 27 15
3O 41 36 9 9 25 7

39 52 56 13 13 10 15

16 44 23 25 6 16 13

38 78 53 21 17 38 8

29 49 55 30 15 16 15
34 44 32 8 15 27 9

39 49 58 49 16 21 29

19 32 47 16 3 14 22
41 47 49 19 11 16 17

30 49 44 19 12 20 14
10 13 13 12 5 8 7

(a) Tabulation for all subjects and 170-knot procedure.

CCS's by zone pairs

Z1 (final)/All Z2 (base)/All

Controller test subject MAN GM DICE CSM MAN GM DICE CSM MAN GM DICE]CSM
I

1 60 36 60 37 38 15 51 20 11 9 23 3

2 90 26 67 67 43 24 36 50 11 8 14 2

3 111 76 108 63 97 38 55 46 21 26 21 11
4 61 39 51 39 33 24 33 23 18 11 19 14

5 98 42 105 82 57 42 79 55 13 6 24 16

6 212 25 89 99 127 30 70 69 24 6 25 22

7 109 63 99 69 63 65 87 39 25 18 40 11
8 179 56 102 89 79 42 75 37 26 17 32 31

9 135 31 79 66 52 27 43 30 17 19 13 15

10 ill 58 88 98 58 38 65 51 12 9 23 16

11 126 48 77 72 58 29 53 31 9 13 7 11
12 150 36 78 107 71 26 60 52 18 9 15 8

Mean 120 45 84 74 65 33 59 42 17 13 21 13
St dev 45 16 18 22 26 13 17 14 6 6 9 8

Z3 (downwind)/All

(b) Tabulation for all subjects and 210-knot procedure.

Figure 35. Cross-check scans, of order four or greater for zone-pair combinations, all subjects combined, and

four display formats.
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• MAN
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(c) Mean CCS's for all subjects combined and both pattern-speed procedures.

Figure 35. Concluded.

160



Controllertest subjecta
1

2

3

4

5
6

7

8
9

10

11

12

TLX-assessed workload

170-knot )rocedure 210-knot )rocedure

MAN GM

51.33

39.33

54.33

51.33

66.00
56.00

56.33

52.67
60.67

46.00

59.00

42.00

DICE CSM

33.00 53.67

74.00 64.33

31.00 75.67

45.67 35.00
56.67 73.33

54.00 66.67

47.33 64.00

32.00 56.67
64.00 88.00

26.00 41.33

23.33 77.33

73.33 67.33

36.00

52.33

29.67

31.33
74.67

40.00

37.33

24.00
28.00

23.33

46.00

42.00

MAN GM

36.67 23.67

43.33 54.67

57.00 43.00

43.33 35.33
8O.33 61.00

52.00 36.00

47.33 68.67
38.67 53.67

43.33 7.33

53.33 65.33

66.67 83.33

40.67 71.33

Mean 52.92 38.72 46.69 63.61 50.22 50.28

St dev 7.68 14.33 17.92 15.10 12.77 21.91

DICE CSM

57.33

66.67

81.33
45.00

78.00

40.67

46.33
40.67

71.33

43.33

69.33
70.00

44.42 59.17
17.98 15.30

37.00

65.00

37.67
60.67

74.67

19.33

49.33
34.00

24.67

22.00

54.67

54.00

aTo preserve anonymity, the controller subject numbers have been randomized and bear no relationship to the original test
order appearance; however, listed subject numbers are consistent for all report data.

(a) Tabulation of workload for all subjects.

100

"E}

O

O

"1:3
(D
(D
O9

O9
O9

I--

c-

9O

8O

70
63.6

60

50

40

30

20

CSM

52.9

46.7

38.7

59.2

50.2

44.4

50.3

MAN DICE GM CSM MAN DICE GM
170 knots 210 knots

(b) Mean workload for all subjects combined.

Figure 36. Task-Load-Index-assessed workloads for four display formats and both pattern-speed procedures.
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TLX source of

workload factor

Mental denmnd

Physical demand

Temporal demand

Own performance
Your effort required

Frustration you experienced

Mean

factor

weight
4.25

0

3.08

tction 3.17
2.83

1.67

170-knot procedure 210-h_otprocc_dure .....
-MAN] CU [DICE [ CSM ] MAN [ GM ]DICE I CSM

Mean factor rating
62.92 46.25 55.42 74.58 63.33 53.75 57.50 75.83

15.83 10.83 13.75 16.67 14.17 7.92 13.75 11.25

43.75 34.58 43.33 61.67 47.92 49.58 47.92 58.75
44.17 22.50 30.83 50.00 33.33 39.58 22.50 35.00

59.17 47.50 53.33 67.08 60.00 49.58 51.67 72.08

51.67 28.75 39.58 65.83 35.83 51.25 33.33 47.92

-53.i
V_;oI'kload computed with mean weights and ratings

I 37.i 45.6 64.4 50.1 48.8 44.4 _ 59.9

(a) Tabulation of ratings and weights.

100

90

80

70

6O

03

O3
'- 50

12:

40

3O

20

10

0

I;i!!1

• Conventional TLX-assessed workload

[] Mental demand factor
• Temporal demand factor

[] Own performance satisfaction factor
[] Your effort required factor

[] Frustation you experience factor

CSM MANCSM MAN DICE GM

170 knots 210 knots

DICE GM

(b) Plot of rating and conventional TLX-asscsscd workloads.

Figure 37. Ratings of source of workload factors for four display formats and both pattern-speed procedures.
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(a) 170-knot procedure.

Figure 38. Subject controllers' mean factor rating (height) and weight (width) and the computed overall
workload using these values for each display format.
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Figure 38. Concluded.
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Figure 39. Distribution of subject controllers' relative ratings for "workload or effort required to use tile format"

criterion for four display formats and 170-knot pattern-speed procedure.
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Figure 40. Mean ratings for "workload or effort required to use the format" criterion and Task Load Index
assessments for four display formats and both pattern-speed procedures.
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Figure 41. Distribution of subject controllers' relative ratings for "case of adapting to or learning to use the
format" criterion for three FASA formats and 170-knot pattern-speed procedure.
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Figure 42. Mean ratings for "ease of adapting to or learning to use the format" criterion and mean practice
times, taken by subject controllers prior to data runs, for three FASA formats and both pattern-speed

procedures.
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Figure 43. Distribution of subject controllers' relative ratings for "amount of help or benefit in spacing traffic
on final" criterion for three FASA formats and 170-knot pattern-speed procedure.
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Figure ,i,i. Distribution of subject, controllers' relative ratings for "workload or effort required to use the format"

criterion for four display formats and 210-knot pattern-speed procedure.
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Figure 45. Distribution of display-format relative ratings and format, means for "workload or effort required

to use the format" criterion for those five subject controllers with considerably higher TLX workloads for

their graphic marker format at 210 knots than at 170 knots.
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Figure 46. Distribution of subject controllers' relative ratings for "ease of adapting to or learning to use tile
format" criterion for three FASA formats and 210-knot pattern-speed procedure.
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Figure 47. Distribution of subject controllers' relative ratings for "amount of help or benefit in spacing traffic
on final" criterion for three FASA formats and 210-knot pattern-speed procedure.
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Figure 48. Distribution of subject controllers' relativp ratings for "workload or effort required to use the format"

criterion for four display formats and both pattern-speed procedures.
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four display formats and both pattern-speed procedures.
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Figure 52. Concluded.
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